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ABSTRACT

Low Energy Electron Diffraction and Auger Electron Spectro-
scopy have been applied to very simple alloy situations in
which calibrated films of copper and gold have been grown
epitaxially on platinum single crystals. The results of

the quantitative use of A.E.S. for these alloy systems were
found to depend on the presence of impurities and the surface
atom geometry., ILNM Auger peaks from copper films of >3
monolayers on Pt(100) were enhanced after oxygen treatment
while no peak shape changes were detected.

Low surface mobility of copper on Pt(100) at 20°¢ pre-
vented complete monolayer growth with apparent mean free paths
for 927 eV and 239 eV electrons in copper of 3.13%0.47 and
2.40%0.36 monolayers at the copper density of 1.54 x 1019
atoms m'z/monolayer. True monolayer growth occurred after
2 monolayers when the 927 eV m.f.p. was found to be 1,91
monolayers (3.45%0,52 %).

Pseudomorphic growth of copper on Pt(100) was observed
up to 6 monolayers (platinum surface density 1.30 x 1019
Iatoms m-z/monolayer) at 20°C. Gas adsorption on these
surfaces differed from that on Pt(100) and did not form all
reported Cu(100) structures. The adsorption of st,followed
by LEED and A.E.S.,enabled copper island areas to be deter-
mined in films of <2 monolayers.,

Copper formed disordered arrangements on Pt(111) at 20°C
but grew epitaxially at 400°C.

A Pt(100) crystal surface exhibited a Pt(100)-(5x1) LEED

(if)



pattern when cleaned to show no impurities by A.E.S5. or when
carbon was detected by LEED and A.E.S. The Pt(100)-(5x1)
pattern, attributed to incomplete layers of distorted Pt(111)
on Pt(100), reverted to Pt(100)-(1x1) after deposition of
<0.1 & of copper or gold.

Gold formed a Pt(100)-(7x1)-Au structure after 4.5

monolayers. This was attributed to a distorted Au(111)

surface layer.
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CHAPTER I INTRODUCTION

' P Surface Studies

Molecular collisions with surfaces are the fundamental acts
in the processes of catalysis,lubrication and corrosion,

the commercial importance of which has encouraged the study
of interactions at surfaces using every technique available,
Surfaces may only be cleaned and closely specified if main-
tained in an Ultra High Vacuum (U.H.V.) environment to
reduce the rate of surface contamination. However, the

use of electron beams and similar probes in such an environ-
ment may cause degradation of the surface to be studied,
invalidating the results of the study.

An important technique in the study of surfaces of
catalytic importance is Low Energy Electron Diffraction
(LEED). This has been used to attempt to explain the opera-
tion of heterogeneyous catalysts by several groups, notably

(1-10)

Edmonds, McCarroll and Pitkethly who produced and

analysed surface structures on nickel, and Somorjai et
a1(11-22) who have studied absorption of many gases on
platinum. The restraints set by this technique, using a
single crystal ~1mm across in U.H.V., mean that correlation
with a commercial catalyst with 508 metal crystallites
operating in gas pressures of several atmospheres may appear
tenuous but has been shown to be very relevant by McCarroll,
Edmonds and Pitkethly(1). The electron beam is of suffi-
ciently low energy to cause little modification to the

surface by cracking or desorption except of very weakly held



(3)

adsorbates .

The information obtained from LEED gives only the two
dimensional periodicity of the crystal surfaces but should
soon enable surface structures to be determined when a
general method of analysis is developed.

In many studies, where the LEED pattern resulting from
a cleaning treatment or gas adsorption may not be simply
explained, a surface analysis must be carried out. The
most sensitive technique for all elements except hydrogen
is Auger Electron Spectroscopy (A.E.S.). By using the
vacuum components of the LEED apparatus for A.E.S. the two
techniques are complementary, providing surface geometry
and elemental analysis information.

An area of expanding interest in catalyst development
is that of alloy catalysts. Alloys may improve catalyst
performance and reduce the quantities of expensive metals
used in their production. The bulk properties of alloys
have been studied extensively but the surfaces are less well
known.

A.E.S, is the ideal method for studying surfaces where
the concentration of components may differ from that of the
bulk. Fowever, the spectra obtained from surfaces may not
be used quantitatively until absolute or comparative studies
have been carried out for yield and absorption of Auger
electrons in all elements detected.

The work described here is the deposition of metal
films, particlarly copper, on platinum single crystals.

Platinum has been studied extensively by many techniques

o0



to try to understand its operation as a catalyst. A con-
troversy has arisen over the apﬁarently clean surface of the
Pt(100) crystal which exhibits a LEED pattern which is not
simply related to the (100) plane in the bulk of the crystal.
Gold and iridium also exhibit a similar non-bulk (100)
pattern which probably has the same cause in all three
metals. As Palmberg has proposed that the surfaces have
reorientated from (100) to (111) an understanding of the
cause is a vital link in the action of platinum as a catalyst
for reactions where a 'key' fit occurs between the gas phase
species onto the metal surface. Copper has been the subject
of high resolution A.,E.S. and is well documented in LEED
studies.

The combination of the LEED and A.E.S. techniques used
by Palmberg in his initial calibration of the sampling depth
of A.E.S. had not been commonly applied to the growth of
metal films at the start of this work but several reports
have since been published. These methods are effective in
monitoring the growth of metal films deposited on various
substrates when LEED may be used to determine the atomic
spacing, orientation and presence of epitaxy in the film,
The growth of the A.E.S. signal due to the film and decrease
of that from the substrate indicates the growth process of
the film, The limit of pseudomorphic growth may de deter-
mined if the surface film is calibrated during deposition
and removed by etching.

The operation of a metal surface as a catalyst depends

on the surface atomic structure/geometry and electronic



properties., The occurrence of pseudomorphic growth enables
the relative importance of these factors in adsorption and

subsequent catalysis to be assessed.

I.2 Methods Employed

1.2.1 Vacuum Requirements

The development of surface sensitive techniques has been
closely related to the ability to clean the surface of
interest and to treat the surface with sufficiently high
purity materials at a low rate to enable changes to be
observed. The most generous limit of the Ultra High Vacuum
(U.B.V.) environment is taken as 10~8 torr (1.3‘yN mﬂz) but
at this pressure of nitrogen at room temperature a clean
surface with a unity sticking factor for nitrogen would be
covered with a monolayer in about 2 mins, A pressure of
active gas reduced by a factor of ‘IO_2 from this gives an
adequate working time for many experiments.

Conversely, the difficulty in obtaining U.E.V. condi-
tions may be understood from the iong period during which
a single monolayer of adsorbed gas on the vacuum system
walls will maintain the system pressure during desorption
despite the use of high pumping rates. Even with low surface
coverares the number of molecules on the system walls is
several orders of magnitude higher than that in the gas
phase. The methods used to obtain U.H.V. conditions routine-

ly are now standard technology. A useful review of the

R



field of surface studies in U.H.V, is given by Hobson(23)

(100 refs). BEven this review paper, published in 1974,

refers exclusively to pressures in torr and not the S.I.

units of N m_2

where 1 torr = 133 N m—z

Eelot The BEnergy Distribution of Electrons from Surfaces,

Electrons leaving a surface irradiated by an electron beam
carry information about the surface., The energy distribution
is generally of the form shown in Figure I.1 with 3 regions of
interest,

A) The elastic peak at the primary beam energy, 'Ep', with
associated loss peaks.

B) The relatively flat intermediate energy region of the
curve in which very small peaks due to Auger electrons may

be seen,

C) A large broad peak in the range 0-100eV.

Fine structure peaks in the spectra are of two types,
dependent or independent of primary beam energy. The Auger
and true secondary electrons are of the latter type and so
may be distinguished from the former type by a change in
exciting beam enefgy. The elastic peak follows the beam
energy and may have several loss peaks regularly spaced in
energy below it.

Region A The Elastic Peak

Electrons from the exciting beam which are reflected
from the surface with no loss in energy make up the highest
energy peak of the distribution. These electrons have an

angular distribution dependent on the surface crystallography
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FIGURE 1.1
The secondary electron energy distribution. No fine structure
is shown.



as illustrated in LEED., In this peak it is not usually
possible to resolve the electrons which have lost a small
amount of energy in phonon interactions.

Some of the electrons which would contribute to the
elastic peak lose energy by setting up a plasma oscillation
in the =0lid and so lose one or more units of plasmon energy.
These 'plasmon loss' electrons appear as satellite peaks
below the elastic peak with a separation depending on the
free electron nature of the material. Similarly these
satellite peaks may appear below strong Auger electron peaks.
Region B

The middle region is made up of a relatively smooth
distribution of secondary electrons. The Auger electiron
peaks, which appear throughout the distribution, are seen
most clearly in this section although they are only a small
proportion of the background current. The method of elec-
tronic differentiation introduced by Harris enables this
background to be suppressed and so allows sufficient am-
plification to be used to display the differentiated Auger
peaks clearly.

Ionization ldss effects may also be seen in this region.’
The incoming electron may ionize an atom by removing a core
electron; the two electrons then have a total energy of
(Ep'EB) where EB is the binding energy of the core electron.
The maximum energy of this distribution occurs when one
electron remains at the Fermi level in the material, i.e.
zero energy, and the other escapes with energy (EP-EB).

This cut-off may be sufficiently sharp to be observed but may

4



be distinguished from Auger effects by a change in beam
energy.
Region C The Slow Peak

During electron bombardment most electrons from the
sample are in this low energy range and result from cascade
interactions with valence electrons after which a proportion
still have sufficient energy and are travelling in a suitable
direction to escape. These electrons have suffered so many
interactions that the incoming electron energy is totally

masked,

1.2.3 Low Energy Electron Diffraction

T2 a ) Introduction

Diffraction of electrons by crystal surfaces is the striking
proof of the wave nature of electrons as proposed by de
Broglie(?4) in 1924, The diffraction patterns due to low
energy electrons are largeiy characterised by the geometry
of the outer atomic layer of the crystal and may be used
to gauge surface meshes., The electrons entering the crystal
interact strongly'with the surface atoms and are unlikely .
to penetrate further than the first few monolayers. The
strong interaction may cause an electron to undergo multiple
scattering events before escaping from the crystal.

The strong interaction makes the theory used for X-ray
diffraction, with its low interaction, only partially
applicable. The theories and experimental conditions applied

to ILEED presently have been reviewed by Owens(25) and



(26)

Prutton . An extensive series 6f detailed discussions
has been published as the proceedings of a Summer School

on LEED methods in Czechoslovakia in 1971(27). The theories
described here are those used to analyse the patterns
observed in this work.

1.2.%.2 Surface Mesh Conventions

The surface mesh conventions have been standardised after
the paper by Wood(zs). The three lowest index planes of
f.c.c., metals, with square, hexagonal and rectangular meshes
are drawn in Figure I.2 with the other two possible unit
meshes shown also.
The reciprocal mesh is related to the real mesh by
B ? mgl e BB
2T <D o= 0w B R
where a and b are the vectors representing the sides
of the real unit mesh while a and B* are the reciprocal
mesh vectors.
The description of these vectors in matrix form,
described by Park and Madden(zg), makes manipulation of

complex meshes a standard procedure,

Ti2a s LEED Theories

The simplest, kinematic, approach (Buerger(30)) describes
the waves emanating from a 1, 2 or 3 dimensional array of
scattering centres after excitation by an incident electron
beam, The Huygens' wavelet construction produces a series
of cones for each direction in the lattice. Diffracted
beams then occur in the few directions along which cones

from each of the three directions intersect for an incident
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beam penetrating many layers from the surface, or the less
demanding situation of diffraction solely by the surface
mesh from which more beams may occur. The diffraction cone
description is formalised in the ILaue equations which must
each be satisfied for diffraction to occur.

This solution occurs when the Ewald's sphere, of
diameter the wavelength of thé electron beam, crosses a
reciprocal lattice rod for diffraction from a surface mesh,
or point for a lattice. Both 2 and 5 dimension effects
must be considered for LEED; the reciprocal mesh rods are
modulated by diffraction from inner planes in the crystal.
Any energy spread or divergence in the incident electron
feam thickens and distorts the Ewald's sphere making the
area of cut with the rods greater, i.e. broader diffracted
beams.

The kinematic theory predicts that the scattered beams
from a surface irradiated at normal incidence follow the
expression:-

nh = du Sin B
where A is the electron wavelength

© is the angle between incident and diffracted beams

dﬁk is inte%@w spacing of the surface atoms

N is the (integer) order of diffraction.
The electron wavelength is given by the de Broglie

AN=hlp = [isofv A

where V is the electron accelerating field in volts

expression:-

h is Planck's constant



p is the electron's momentum.

The condition for which the Ewald's sphere is contracted
so as not to cross any reciprocal lattice rods occurs as
nA/d exceeds 1 when Sin © is indeterminate, i.e. the 1st
order patterns will always be present when the electron
wavelength is less than the interow spacing. This condition
of cut-off may be used as a test of simple single scattering
events,

As penetration beyond the surface layer is considered

the Bragg lattice reflection modulation will follow the

nA = c’.z(f *Cosz)

where d, is the interplanar spacing perpendicular to the

fprm

planes, .

The inadequacy of the kinematic modelrghown in a plot
of diffracted spot intensity (I) against incident beam
“energy (V) at constant beam current. A solely surface mesh
diffraction would result in constant intensity beam; with
additional atomic layers the beams would be modulated to
give Bragg-type interlayer reflections. The increasing
proportion of electrons from the incident beam lost in y
inelastic processes as the electron beam energy is raised
and penetration increases causes a reduction in diffracted
beam intensity. However, additional variations are observed
in the I(V) curve; a considerable number of theoretical
studies is being carried out to explain trkese effects. The
information in the I(V) curve should reveal the detailed

structure of the irradiated surface when a general method

12



is developed.

The spot intensity varies with several parameters as
described by Owens(25). The I(hk) description refers to
the constant beam energy diffraction pattern from which
the surface mesh is obtained., The errors of photographing
the apparently straight lines on a curved screen have been
discussed by Taylor(31) and Lyon(sz) but are minimal if
similar patterns are compared under identical conditions.
Absolute measurement of surface mesh dimensions requires
close tolerance exverimental conditions.

The fitting of the I(V) curve holds most structural
information. The components of the surface mesh must be
separately assessed for their interaction (i.e. atomic
scattering factor with wavelength and angle dependence)
with the incident electron beam and the effects summed over
the unit mesh.

Lander(33) modified the structure factor to allow for
screening of the inner layers to the incident beam. The
absorption by each layer is large, with an atomic cross
section for electrons below 100 eV similar to the atom area.

McRae(34) develoved a self consistent multiple scatter-'
ing theory based on a "muffin tin" abrupt edged potential
description. He summed the effects on each atom of the
incident electron wave field and the emitted field of
surrounding atoms. The resultant wave emissions from the
surface atoms are both propagating and non-propagating or

evanescent, This model explained fractional order peaks

as interference between differentphropagating waves in the

i3



field in the crystal surface. The special case of the
incident beam wavelength matching a surface periodicity is
explained as a surface resonance in this model.

Boudreaux and Heine(35) have described strong reflec-
tions as being due to the electron energy matching the band
gap in the surface material. The wave field is largely
determined by the surface layer properties.

The deérease of cross section for both elastic and
inelastic collisions with increasing incident beam enérgy
makes the kinematic approximation accurate at a high energy
(typically 200 eV) but Xe(111) has been shown to follow
this model over most of the low energy range by Ignatjevs,
.Pendry and Rhodin(36),

In calculations ignoring the effects of inelastic
scattering the predicted peak widths in the I(V) curve are
considerably narrower than experimentally observed widths.
Inelastic scattering removes electrons which may have con-
tributed to multiple scattering events. By including this
effect Duke and Tucker(37) fitted spectra with accurate peak
widths.

Reid's(38) study of the I(V) curve shape for Cu(100)
at different temperatures has shown that the crystal tem-
perature influenced the relative heights of some peaks;
temperature effects obviously are necesséry in any calcu-
lations. These results also show the importance of accurate
measurement of beam angle of incidence as the curve shapes
changed considerably over a few degrees.

For face centredcubic metals with surfaces which



correspond to an undistorted truncation of the bulk, Jepsen,
Marcus and Jona(Bg) have fitted aluminium and copper I(V)
curves well with a model including a band structured ion
core—electron interaction, inelastic scattering, surface
vibration temperature effects and the inner potential
correction from an empirical fit with experiment. This
theory is less accurate at increasing angle of incidence
when the geometry and scattering properties of the outer
atoms are less accurately predicted.

The microscopic-model method is based on a trial and
error manipulation of surface atoms with a multiple scatter-
ing calculation with theoretical scattering factors for
each arrangement. Andersson and Pendry(40) have studied
monolayer growth of sodium on nickel and found best agreement
with Na atoms 0.29 nm above the Ni surface in the four fold
symmetry gaps of the surface atom arrangement. This propos-
ed spacing has been recently modified in an improvement in
their theory. The method has been more successful for the
00 béam than higher order.

To avoid the complications of the dynamic theory the
fine structure in the I(V) curve may be lost in an averaging‘
technique. The reduced curve may then be analysed with a
kinematic method., This has been applied to the beams due
to adsorbed monolayers by Tucker and Duke(41). Lagally,
Ngoc, and Webb(42) have produced a simple averaged curve
for silver which exhibits largely kinematic features. When
the data can be reduced so that I(V) curves exhibit solely

kinematic effects standard X-ray analysis methods may be



used to determine surface structure.

1.2.% 4 The I(T) Plot

The spot intensity variation with temperature gives a measure
of the thermal movement experienced by the surface atoms
using the Debye Waller relationship. Estrup(43) proposed
that if a standard curve can be recorded for a specified
surface, any deviation from this plot for an identical

I(hk) pattern reveals a changed surface.

X oo FeD The I1(9) Plot

The coverage (6) of a surface so as to produce new diffrac-
tion spots may be followed if the intensity of a new spot
is recorded, This is valid only if constant emission from
the gun can be maintained during gas adsorption.

Te2e3.0 IEED from Real Surfaces

The theoretical assumptions of atomically smooth uncontam-
inated surfaces are not obtainable in practice but the LEED
pattern is not rapidly degraded by surface imperfections

as gross as those due to extensive argon ion bombarding
(Park(44)). _However the I(V) curve is more variable with
both surface“%erfectionsand presence of impurities (Park
and Farnsworth(45)). -

The experimental use of 1LEED is to determine the surface
characteristics and follow changes in geometry and surface
species using the LEED pattern and/or spot intensity mon-
itoring.

In alloying studies the LiED pattern changes with order
~disorder effects have been described by Lander'>3) ang

also Estrup and Anderson(46) who



described one dimensional "thin film growth". They found
that an island structure of good order within the islands
produced sharp additional spots while random vacancies in

a well ordered film produced sharp spots on a raised back-
ground, Short range ordered films gave a very diffuse level
for the additional diffracted spots. Such analysis is

useful in the analysis of thin film growth in a LEED system.
Island growth was shown to cause intermediate pattern streak-
ing by Tracey and Blakely(47).

e Surface Structures

A simple LEED pattern may be easily related to the surface
periodicity. Where different orientations are possible the
relatively large electron beam size will excite regions
with all domains. Where adsorption of a light gas on a
metal crystal results in a strong change in pattern it is
probable that the gas has caused a reconstruction of the
metal surface as the different beams from adsorbed species
alone will be small,

(48) proposes that reconstruction may occur when

Bauer
the bonding strength is similar for surface atoms to the
bulk and adatoms to the surface.

Ordering of thin films into surface alloys is a re-
construction process and shows as additional satellite spots
around the substrate spots.

T.R.5.8 Multiple Scattering

Bauer(49) suggests a multi-scattering approach for complex
patterns where the diffracted beams from the substrate are

diffracted a second time by the adsorbate with little loss



of intensity due to the forward scatter process.

The diffraction from a super-lattice in which the
overlayer spacing is an integer rumber of substrate mesh
inter-row spacings is similar to a coincidence mesh in which
an integer number of overlayer spacings coincides with a
different integer number of substrate spacings., Tucker(so)
showed that only the superlattice could maintain diffraction.
conditions at very low voltages when thé multiple diffraction
effects in the coincidence lattice were not possible as
A/a>1 (see Section I.2.3.3). Thié distinction was questioned
by Jona, Lever and Gunn(51); the cut-off occurs for prop-
agating waves only but the evanescent surface waves may give
rise to propagating waves if an adsorbate mesh is suffi-
ciently near to the substrate to give significant beams.

The condition that all meshes are below the cut-off spacing
for multiple scattering is relaxed to the last mesh causing
scattering being below the cut-off.

Multiple scattering is considered in the discussion
of the Pt/Au/Ir(100) surface structure in Section I.3.1.
1.2.3.9 IEED Experimental Considerations

(52)

In the original LEED experiments by Davisson and Germer
a Faraday cup was used to measure the secondary current
angular distribution and this method has been used recently
for accurate measurements by Seah(SS) and Park and

(54) needed
Farnsworth . The complex accurate cup movementsxyithin
a vacuum system have encouraged the use of fluorescent
display systems developed from the plane grid system of
(55)

Scheibner, Germer and Hartmann The energy selection
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of the plane grids depends on the angle of incidence of the
electrons, resulting in a decrease of background and loss
of diffraction pattern with increasing distance from the
screen normal through the erystal.
The magnetic deflection system developed by Tucker(SO)
results in a distorted pattern but enables a complete pattern
of all back diffraction from the surface to be viewed with-
out the obstruction of the direct reflection (0,0) spot.

The most commonly used LEED method is that of Lander,
(56)

Unterwald and Morrison using a spherical grid system
‘with the crystal face at the centre of curvature of the
grids and screen, When run in a field free mode the
diffracted 'cones' cut the screen in a line which appears
straight when viewed perpendicularly to the front face of
the grid structure.

The crystal, chamber walls and front grid are earthed
to-maintain an electrical field free region through which
the secondary electrons drift unchanged in direction if
magnetic fields are eliminated. The next grid approached
by the electrons after passage through the front grid is
maintained at the electron gun filament potential. Any
electrons which have lost energy since leaving the gun are
repelled while the elastically scattered electrons pass
through to be accelerated to a high potential, phosphor
coated,screen, With this two grid system,field penetration
from the screen-inner grid region may degrade the elastic/
inelastic cut-off and distort the diffracted beams, although

the use of a third grid also held at filament potential



to reduce field penetration will reduce transmission and
may introduce Moire fringes. However the importance of 3
and 4 grid "optics" in Auger Electron Spectroscopy studies
has increased their usage. The construction of LEED optics
and guns in UHYV, systems is now technically routine and

complete systems may be purchased from several manufacturers.
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Gas Adsorption on Platinum Crystals

Gas adsorption on platinum surfaces has been studied by many

workers.

The results are summarised in the following tadbles,

Pt(100)
Gas Structure Ref,./Date _E;Iéé_
Oxygen (1x1) 22/1967 20°C(due to CO)
(5x%1) " 400°¢
(5x1) 11/1968 20%C
(2J2x [2) " annealed in oxygen)due
(5x1) 57/1972 to C or CO
Hydrogen |(2x2) 11/1968 High Hydrogen
58/1972 pressure
(2x2) 59/1970
Carhon (4%2) 60/1954 20°%¢, 1 x 10~° tors
Monoxide [(3/2x/[2) " >80° or electron bean
(1x1) 32/1967 From Background
(f2x/2) " 20°¢ 2000 L
(4x2) 11/1968 <130°% Reversible, but
(1x1) " , 300-600°¢ %ﬁ?ggite G
(/5% [5) 58,16/1972
(/2xJ?) "
Carbon (5x%1) 11/1968
\Dioxide
Methane (5x1) 11/1968
Ethyne (/2x/2) 11/1968 £150°%

oo
=S



Ethyne

Bthene

ithane
Propene

2-Butene

(cis)

2=~Butene

(trans)

1-% Buta-

diene

2 Methyl

Propene

Naphtha-~

lene

Pyridine

Pyrrole

Benzene

Sarhon

(J2xJ2)

(f2x J?)
(f2xJ2)

(5x1)
(1x1)

(1x1)
(1x1)
(1x1)
(1x1)

(1x1)

Disordered

(I7x{7)
(1x1)
(f2xd?2)

(V2x{2)

£1x1)
(2x2)

Ring

16 ,58/1972

61/1972
16,58/1972

11/1968
16 ,58/1972

16 ,58/1972
16,58/1972
16,58/1972
16,58/1972

16 ,58/1972
17/1973

16,58/1972
17/197%

n
16,58/1972

17/1973

AL

11/1968

N

o
o

aQ

Graphite ring observed

20°%
$250°C

disordered

from kydrocarbons
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Hydrogen |(2x2) 62/1971 low exposure

Sulphﬁﬂe (V2 J2) " higher exposure
(2x2)+(5%x1) " 20°¢
(2x2) " increasing exposure
(J_é-}(f??) " 1"

Nitrogen |(5x1) 11/1968

Nitrous (5x1) 11/1968

Oxide

Pt(110)

Oxygen (1x1) %2/19617

Hydrogen |(1x1) %32/1967

Carbon (1x1) 32/1967

NMonoxide

Hydrogen |c(2x6) 63/197% 6-16 x 10°° g,m/cm2

Sulphide |complex " 16-20 x 10~2 gm/cn®
p(2x3) " 20-30 x 1072 gm/cm2
p(4x3) " 30-3% x 1072 gm/cm2
c(2x4) " 33-37 x 1072 gm/cm®
p(4x4) " 37-28 x 10”2 gm/cm®

Pt(111)

Oxygen (2x2) 32/1967 Carbon?
(1x1) 64/1971
(2x2) 65/1973 No C by A.E.S.
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Hydrogen

Carbon

Monoxide

Hydrogen
+ Carbon

Monoxide

Ethyne

Ethene

Butene

1-3 Buta-

diene

2 Methyl

Propene

Naphtha-

lene

Pyrrole

Pyridine

(2x2)

c(4x2)
(2x2)
(1x1)

_ (J3x/3)

(2x2)

(2x2)
(2x2)

(2x2)

(2x2)

(Tx3)

(3x3)
(6x6)

(4x2)
(4x4)

(3x1)
(2x2)
(3x3)

58/1972

58/1972

66/1973

58/1972

16,58/1972

67/1970
16,58/1972

16,58/1972

16,58/1972

16,58/1972

16,58/1972

"

16!58/1972

16,58/1972
17/1973

diffuse

£200°¢

2150%¢

>150°C

<250°C low pressure

>250°¢




Benzene (23x4) 17/1973 £100°
(243x5) " $100°¢

Carbon (2x2) 64/1971 Stable above 1000°C
Ring 16,58/1972 | Graphite

Hydrogen (2x2) 62/1971

Sulphide (/3% 3) " increased exposure

¢lean Surface Structures Reported for Platinum

P£(100)

Pattern Reference Notes i
(5x1) 14/1965

(5x1) %32/1967 Alumina abrasives, aqua regia etch
(5x%1) 15/1967 Stable to 500°C

(2x1) " 300-500°C

Ring(Graphite) " $700°C

(5x1) 11/1968

(1x1) 68/1969 Oxygen on hot crystal

(5x1) 16/1972

(5x1) 63/1973 ’
(5x1) 69/1973 Model proposed assumed no impurity.
(5x1) 17/1973 No contamination detected by A.E.S.
Pt (110)

(2x1) 32/1967 700 L of oxygen at 1200°C

(3x1) " Annealed at 1380°C

(4x1) " " " "

Ring 15/1967 Graphite, annealed at 600°C




(1x3) 63%/197% No impurities by A.E.S.
(1x2) " Carbon detected by A.E.S.
Pt(111)
(2x2) 15/1967 800-1000°¢
(3x3) n "
Ring " >900°C
(1x1) 67/1970 Polished, etched, ion bombarded,
annealed
(1x1) 64/1971
(1x1) 70/1971
(1x1) 17/197%
e R S Gas Adsorption on Copper Crystal
Cu(100)
iGas Structure Ref./Date Notes
[Oxygen Complex(2x4) 71/1965 Coincidence(Sxng)
(2x4) 72/1967 £450°C
Complex " £500°¢
c(2x2) 13/1967 Facetting 10™% torr 150
30 mins
c(2x2) " 20°C 2 hours
(1.8x1.8)R45° " 350-550°C Stable to 1000°C
Hexagonal R 2550°¢C
Oxide
Nitrous | (111) Over- | 72/1967 | 500%, 6x10° 1L
hxide layer 1.06a
(111) Over- i Pretreat dependent
layer [3a
itrogen | None 71/1965 6x10° L
(] or N* | c(2x2) " Ionised by electron impact.




1074 ¢

Hydrogen | None 71/1965 orr
Carbon (2x2) 75/1970 >500°¢
Monoxide | c(2x2) 76/1971 1.4 1 11%
(7d2x1/5) )] Coincidence (J98x10)
c(2x2) T7/1971 400 L . 120°0
p(2x2) " 700-1000 L 20°C
(1x1) " >100°¢
c(2x2) 78/1972 0.5 1 71%
Water None 79/1967
Ethene (2x2) 79/1967 3x10% 1 270%
Chlorine | (2x2) 80/1972 6x10° 1 20°
c(2x2) " 6x10° L 20°
Xenon (111) ring 76/1971 483 TR
Hydrogen (JT?xJF?) 81/1967 High exposure
Sulphide | (2x1) 82/1971 2%10™2 torr 2 L
cu(110)
Oxygen Wix(2x3) 83/1964 10% 1 800°%
(3x2),(2x2) 8
(1x2) 12/1967 >1 L 5x10~2 torr
(6x2) " 20% 6x1074
(1x2) " 350°C
c(6x2) 73/1967 1074 torr 150°C 30 min
c(6x2) 84/1969 20°¢
(2x1) " 400°% 1077 torr

A



(5%3) 84/1969 600°¢
Hexqgonal 74/1972 < 450°¢
5Ta
c(6x2) c(3x1) " > 550°¢
Hexagonal a )60000
5/{64
Hydrogen | (3x3),(2x2) | 83/1964 10% 1 800°%
(2x3) "
Water (2x1) 79/1967 Reduced O, interaction
Ethene (2x1) 79/1967 >20 I, <320°%
Carbon (2x1) 79/1967 20°C
Monoxide | (2x3) " 250-500°C
Hydrogen |c(2x2) 75/1970 107% - 1078 torr, bulk
sulphide.
Sulphide
cu(111)
Oxygen Disordered 72/1967 RT
(7x7),(4x4) " 300 I 400°C
(2x2) "
(3x3) 84/1969 7%x10? L then 350°C
(J7xJT) 74/1972 }ﬁx164 torr
(&x%) n 200-500°¢
( 2/2x 2/2) " >500°%¢ 31074 torr (Cu,0)
Water None 79/1967
Carbon None 79/1967 20-550°C
Monoxide
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Nitrous

Oxide

BEthene

Hydrogen
Sulphide

(2x2)

None

7xJ7)
([3x/3)
(7x/7)

72/1967

79/1967

85/1967
86/1968

$480°¢

6xi0t L

20°¢
1.5x10° L
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I.2.4 Auger Electron Spectroscopy

I.2.4.1 Eistory of Auger Electron Spectroscopy

Auger Electron spectroscopy (A.E.S.) is a powereful technique
for studying surfaces and is being applied to the study of
many problems where an analysis of the outer atomic layers

is required. The processes occurring have been understood
for many years but the application has followed the develop-
ment of necessary technology in vacuum and electronic methods.

(BUL  evkttl In 1505 o menured Bhartrasi i &

P, Auger
Wilson cloud chamber resulting from X-rays of various en-
ergies interacting with argon diluted with hydrogen, and
realised the significance of pairs of tracks with one track
due to constant energy electrons.

Considerable discussion as described by Burhop(aa)
followed Auger's paper on the mechanism inside the atom but
experimental work was limited, In 1953 Lander(eg) observed
small asymmetric peaks on the secondary electron spectra
from electron excited metal surfaces, including copper,
nickel and platinum, and found carbon as a surface impurity.
Be observed plasmon loss peaks and suggested the importance
of valence band structure in the réplting Auger spectrum.

Further application awaited routine production of a
sufficiently good vacuum to enable clean surfaces to be
studied, and the use of electronic differentiation of the
secondary electron distribution by synchronous detection,

introduced by Harris(go'gg) in 1968, His series of papers

covered many surface studies and introduced the technique



through several journals.
The number of laboratories using the technique grew

(99)

rapidly with papers by Weber and Peria and Scheibner

(100,101) describing how LEED systems could be used

and Tharp
for Auger analysis., This was very rapidly developed as many

LEED studies could be advanced with knowledge of the surface

composition as well as crystal surface periodicity.

Palmberg, Bohn and Tracy(102) described a cylindrical
mirror analyser (C.M.A.) which could be used to give lower
noise spectra at high scan rates in systems with or without
LEED.,

Further developments are being made to improve resolu-
tion and sensitivity as the method is applied to a widening
field of surface studies. A.E.S. has been reviewed recently
by several authors including Riviére(1o3) (1969), Dooley and
naas{1%%) (1970) ana chang{1°%) (1971).

I.2.4.2 The Auger Process

The processes leading to the ejection of Auger electrons
involve three bound electrons of an atom, and occur in two
stages., The atom must be irradiated with some form of energy,
usually an electrdn or X-ray beam, which excites an electron
from an inner level, ionising the atom. After a short time
interval this inner level is filled by a less tightly bound
‘outer electron while a second outer electron is excited by,
and carries away, the energy released, This third electron,
which has an energy characteristic of its source atom, is
detected as the Auger electron.

This process is depicted in Figure I.3. The initial
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fonization occurs in ~10"'° sec and the lifetime of the
resultant state is an order of magnitude greater and so the
subsequent processes are not affected by the first.

The original vacancy may also de-excite by fluorescence

producing X-ray photons,

(88)

Burhop gives the probability of photon emission(W)

in the de-excitation as:-
W o= (1 & ag~H-

where Z is the atomic number

6

a=1,12 x 10° for K electrons

6.4 x 10? for L
(106)

111 electrons

Bishop and Riviére point out that for the range of
elements that can be ionised in the X shell and L shell by
2 keV electrons the ionization probabilities are 0,033 and
0.032 respectively. Thus photon production is negligible
compared with Auger electron production in this energy range.
After the Auger pfocess has occurred the atom(ion) is
left in a highly excited state; a chain of fluorescence and
further Auger processes may occur until the ion is de-excited,
The nomenclature for Auger processes is of the form
'ABC' where 'A' is the level in wﬁich the initial vacancy is-
formed, 'B' is the original level of the 'down' electron
and 'C' is the level from which the emitted electron is
ejected, The levels are described with X-ray notation KX,
Lqs L,y ete.
In solids where the electron levels are broadened the

band is labelled and here the Auger energy distribution is
related to the density of states in the band.

(48]
(=2



Moddeman, Carlson, Krause and Pullen(107) have recorded
high resolution electron and X-ray excited A.E.S. spectra
of common gases. They list possible Auger processes as
explanation for the normal and satellite Auger lines. The
'normal' process is defined as one in which a single inner
shell vacancy is formed while all other electrons remain in
their initial orbitals. The vacancy is then filled by the
interaction of two electrons from outer shells to form the
final states. In some 20y of cases the formation of an
inner shell vacancy unbalances the central potential due to
electron shielding and a weakly bound electron escapes either
to a higher level or clear of the atom. These processes
have been described as monopole excitation and monopole

ionization by Carlson et 31(108)

or electron shake-up and
shake-off by Siegbahn et 31(109). These. processes can lead
to many low intensity satellite lines and are most easily
seen on the X-ray photo-electron spectra where they appear

as a satellite peak shifted down from the main photo-electron
peak,

I1.2.4.3 The Auger Electron Energy

The Auger electron energy is simply the difference in energy
before and after the Auger electron emission.

2i®s Bipg. ™ FPinttial ~ Frined
The initial energy is the binding energy at the core elec-
tron (EA)' The va}ue for Egy,.q obtained by adding the one
electron binding energies for the B and C levels is found
to be too low to fit experiment. The effect of removing

one electron reduces the screening and so increases the
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binding on the other electrons. A good approximation ena-
bling the experimental value to be predicted was suggested

(88). The binding energy of a singly charged ion

by Burhop
is similar to that of the equivalent electron in the atom
of next higher atomic number.

Chung and Jenkins(110) discuss modifications to the
method; for cases where the final double ionised state can
be reached along two paths the mean value of the binding
energies of the two equivalent electrons is taken and gives
good agreement with the experimental values,

The binding energies of the atomic levels have been
tabulated by Bearden and Burr(111) from photo~electron energy
data.

All possible Auger transitions have been tabulated by

(112)

Coghlan and Clausing using the Chung and Jenkins method,

1.2.4.4 Auger Line Intensity

The production of core holes in the subshells of a shell is
almost proportional to the occupation numbers, e.g. for the
L shell the occupation numbers and thus ionization probabil-
ity is in the ratio 1 : 1 : 2 for I,: L, : L3. These core
holes may undergo X-ray or Auger de-excitation involving
electrons from higher shells, or the L, and L, holes may
transfer to a higher subshell in the Coster-Kronig mechanism
which is very rapid (and thus probable) when energetically
favourable, This process, deduced by Coster and Kronig(113)
in 1935, accounts for the unexpected weakness of Auger
transitions from these lower subshell core holes, The

vacancy distribution of L holes becomes 1 : 15 ¢ 25 for

a2
L



Ly ¢ Ly ¢ Ige The M shell is s%milarly affected by this
process between the 5 subshells.

Calculations of transition rates have been made and
" tested against published spectra. The set of spectra by

Physical Electronics Industries(114)

may be used to show the
relative heights of Auger peaks of similar elements.
McGuire(115’116) has shown that the transition rate also
depends on the number of electron configurations in the
final state.

The occurrence of Coster-~Kronig transitions from L1 to
L2'3 in phosphorgus (as GaP) has been shown by Tracy(117).
The yield curve of the P L2’3 M2'3 M2’3 transition was plotted
against the primary beam energy and rose steadily from zero
at 132 eV, the threshold (binding emergy) for the L, ; level.
At 189 eV the yield curve turned upwards indicating that the
L1 level, which could now be ionized, was contributing to

the L2 3 ionization by Coster-Kronig transitions,
:

el oo Excitation causing Auger Transitions

The energy used to form the initial core hole in the surface
atom may come from several sources. The cloud chamber tracks
observed by Auger resulted from XQray excitation of inert
gases and this method of creating core holes is used in the
X-ray photo-electron spectrometer. Core holes are also
produced by neutrons, protons, electrons and any radiation

of sufficient energy.

T.2:kiB:1 X-ray Excitation

X-ray induced Auger spectra are advantageous where a surface

is subject to degradation by an elecfron beam. The spectra
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may be recorded directly as an energy distribution, N(E)

versus E, as the large background of variously scattered

electrons is not present. However, the Auger signal level

" is low due to the smaller cross section of X-rays and the

low intensity and difficulties in focusing X~-ray beams. The

cross section for X-rays varies considerably from element

to element as the adsorption edges are traversed when the

X-ray energy closely matches the core electron binding energy.
An Auger spectrum of GaAs using Al ExXrays was recorded

(118)

by Smith and Huchital and when compared with the in-

tegrated dN(E) /8E versus E spectrum obtained by Tracy(117)
the peaks were found in the same positions, but the ratio of
peak heights Gals / AsLy was less in the X-ray than the
electron beam case. This was interpreted as being due to
the high cross section of the Asly level (Binding Energy
B.E. = 1323 eV) relative to the GaL3 level (B.E. = 1115 eV)
for the Al K« excitation at hY = 1486 eV, The surfaces were
thought to have the same stoichiometry, as Tracy's sample
produced the same electron stimulated dN(E) / dE versus E
curve as Uebbing and Taylor(119) had recorded for a sample
prepared in a similar way to that of Smith and Huchital.

The variable nature of the Auger emission with X-ray

(120)

energy has been used to advantage by Henke who used

suitable
ultrasoft X-rays ofﬂenergy to obtain well separated photo
-electron lines and Auger lines., The energies can be arrang-
ed to give good experimental conditions for high resolution
and has enabled loss peaks to be observed for valence electron

density calculations.
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Many high resolution X-ray excited Auger spectra have
‘been reported recently. The high resolution is complemented
by appearance of the photo-electror lines which have acc-

" urately known positions and which can he used to calibrate
the energy scale for lesser known Auger peaks., The errors
introduced by determining the peak in the energy distribution
curve from the differential curve obtained from electron

beam instruments are also avoided. These reports describe
high resolution, high vacuum ('v10"6 torr) instruments which
cannot maintain a high degree of surface cleanliness,

Yin, Yellin and Adler(121) have accurately determined
the LMM Auger lines for Cu, Ni and Fe, and by using the
photo-electron spectra as a measure cf the vacancy distri-
bution created by the X-rays have assigned the three prom-
inent Auger lines as type L3MM. SchSn(122) has carried out a
higher resolution study of copper and showed that the fine
structure revealed was not solely due to plasmon loss events
as similar splitting has been observed in gaseous krypton
(Steghann' 122}y ond 5o may be & chavacteristlie of the 3a vand,

X-ray excited core holes may be formed as a secondary
process following fluorescence de-excitation of an electron
beam created core hole. As described earlier the probability
of this is extremely low at low energies.

1.2:4.5,2 Proton Induced Jonization

This method of excitation has been reported by Musket and

Bauer(124)

and is of some importance in quantitative measure-~
ments as it does not suffer from the electron excited back-

scattered electrons which enhance the yield of a primary
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electron beam. FHowever the need for an accelerator, and the
low currents available, make this method less convenient
than electron beam excitation,

o glal6 Electron Induced JTonization

Electron beams are used most commonly to excite Auger
electrons; these beams are easily produced with energies

of several keV and currents of-109pﬂ and may be focussed
and deflected electrostatically. The electrons interact
strongly with a solid and scattering occurs within a few
interatomic distances of the surface. The dissipation of
most of the beam power (~0.3 W) in the small volume hounded
by the beam cross sectional area Qv1mm2) and the penetration
depth can cause sufficient local heating to modify the
properties of interest in the surface. Where this effect

is unimportant the high efficiency of the electron beam in
producing core holes results in a high Auger electron current
which is relatively easily recorded. The presence of the
high energy rediffused backscattered electron current must
be considered in the detection system. These scattered
electrons can be responsible for additional production of
core holes and so modify the antidipated cross sections for
ionization.

T.2.8.6 Tonization Cross Sections for Electrons

The ionization cross sections for atoms of solid surfaces

are not simply obtained from the Auger electron currents
measured after irradiation by a known electron beam current.
Allowance must be made for backscattered electrons, elemental

concentration and scatter of Auger electrons before they



reach the surface to escape.

These problems are avoided in gas studies as carried
out by Glupe and Mehlhom('2%),

In this work the Auger electron current was plotted
against the energy of the electrons from a constant current
electron gun and showed that the greatest yield, and thus
greatest cross section, occurred at a beam energy of ~4 times
the ionization energy of the level. The rise to this maximum
was rapid from lower energy but the decrease was gradual at
higher energy. The agreement between the gases studied
was high despite the range of a factor of 10 in thez absolute
Auger yield.

The ionization cross sections for solids have been
estimated by Bishop and Riviére(106) from an expression
derived from the Born approximation by Worthington and Tomlin
for X-rays. This curve approximately matches the experi-
mental data showing a maximum cross section when the reduced
energy (ratio of beam energy to core electron energy level)
is between 2 and 3.

L2, a1 Backscatter Effects

The predicted ionization cross seétion will not be reflected.
directly in the Auger yield as the atoms releasing the
observed Auger electrons, i.e. those within a few interatomic
distances of the surface, are bombarded by both incoming
electrons from the beam and backscattered electrons from

the bulk. For a film of N atoms cm 2

of up to 1 monolayer
Bishop and Riviére suggest that the probability (n) of an

emission of a film Auger electron per incident beam electron
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ist~ _
n ‘= Nr Cscbd (1-w)§§(Ep, E,) et i 13
where r is the factor raising the beam current to correct
for backscatter.
© is the angle from grazing incidence of electron
beam.
é(Ep$Ea) is the cross section of electrons in
level Ea for electrons of energy Ep'
w is the probability of fluorescence de-excitation.

This backscatter current must originate in, and so be a
property of, the substrate,

Calculations by Bishop of r for higher energy electrons
shows that the value rises both with atomic number and
primary beam energy and is not largely affected by angle of
incidence.

The dependence of r on beam energy in the range 0.2 -

1.0 keV has been demonstrated by Houston and Park(126).

They
measured the Auger Ni(65 eV) signal, normalised for beam
current, and found it increased rapidly with beam energy;
the total secondary current above the ionization threshold
was seen to increase in a very siﬁilar manner, This result,-
although not corrected for changes in ionization cross
section with energy showed the rapid increase in Auger
current due to backscatter at reduced energies of 3 - 10,

The enhancement of Auger yield due to backscattered
electrons has been discussed by Gallon(127). His Auger

yield from bulk silicon was due to electrons from incident

beam and those backscattered and he suggested that this may
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be written:-
I,(B) = oI @(Ep.na) +oB) — (I.2)
where Ia(Ep) is the Auger current for beam energy Ep
C is a constant
IP is the incident electron beam current
<§(Ep,Ea) is the cross section of electrons in
level E, for beam energy electrons
/3 is a geémetrical term
& is the cross section integrated over the range
of energies present as backscatter current
defined Qs:—..
«(B,) = E:%B(E) N(E) dE — (1.3)
E, is the energy at the Auger threshold (core
ionization level)

S S

C Ip

estimated value for C, the collection effi-

@(Epga) is initially equated to Ia(E ) with an

ency fof Auvger electrons,

This value is then used in equation 1.3 to obtain a
value for<«(Ep) and an iteration process started by sub-
stituting for«in I.2., This is continued until sufficient
convergence is found. Gallon obtained 0.1% convergence in
4 iterations which indicates a low backscatter contribution.

This correction for backscatter reduces the rate of
decay of ionization with rising beam energy but is of such
a small effect that for beam reduced energies (Ep /E,) of
~5 or 10 the Auger yield is very nearly the relative electron

jonization cross section.



A further study of bulk silicon by Neave, Foxon and

(128) gave similar Auger yields. They calculated the

Joyce
cross section @(Bp,Ea)'using the method described by Bishop
and Riviere and used the value in equation 1.2 and obtained
values different from experiment, However if a factor K
was introduced modifying the backscattering term equation
I.2 becomes:-

Ia = CIP(¢+ &(ﬁ) ——— (I.f;.)

This only predicts the experimental values for high
values of K implying that although the backscatter current
is small (~104 Ip) it causes most of the Auger current.

This discrepancy with the results of Gallon may be due to
the error in the calculated value for the variation of cross
section with reduced energy which should peak at a higher
energy and tails off more slowly at high energy to match
Gallon's results.

Backscatter contributions to the signal from carbon,
nitrogen, oxygen, and sodium adsorbed on tungsten have heen
calculated by Gerlach and DuCharme(129) from their measured
ionization cross sections and showed that less than 257 of
the apparent carbon cross section was due to backscatter
at reduced energies below 4.

These absolute cross sections, when plotted show that
the cross section for a K level is proportional to the size

the shell presents to the incident electron,
1.2.4.8 Auger Yield with Angle of Incidence

Although the first Auger spectra obtained from LEED systems
utilised the normal incidence gun, Palmberg(130) studied
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the effect of beam angle of incidence. He found the signal
was increased towards glancing incidence and the signal
from surface carbon became larger than the substrate
palladium until surface roughness became significant at
~7°, The simple model explaining this process is shown in
Figure I.4. The escaping Auger current from a small volume
of the so0lid is a function of the incoming current, which
depends on the distance along the beam direction from the
surface to the volume, and the probability that the Auger
electrons reach the surface without suffering inelastic
collisions, which depends on the shortest distance from the
volume to the surface. The higher energy exciting beam
has a considerablylgreater mean free path than the Auger
electrons which limit the sampling depth.

If the intensity of the exciting beam is considered
to be unchanged on passing through the surface region the
slab model predicts an Auger signal versus angle of
incidence:-

I,(8) = Ia(90°) Csc(€) Wi (1.5)

where © is the angle of incidence (surface to beam).
When applied to an overlayer film this function will pre-
dict an equal increase in both film and substrate signal
If allowance is made for the absorption of the exciting
beam, equation I.5 should approximately describe the signal
from a thin film but the substrate signal will not rise as
quickly with decrease angle of incidence and will eventually

fall as all the beam is scattered by the film, The correct

function is further modified by the effects of any changes



in backscattering.

This model becomes inaccurate if the primary beam
becomes scattered from its incidence angle within a very
short distance éf the surface.

Farris(96) carried out systematic measurements of the
Auger yield at different angles of incidence and emission
from a dirty molybdenum surface. The current collected
at 30° from the sample surface showed an approximately
gin(®) function where € is the beam angle of incidence to
the surface. For a fixed angle of incidence of 300 to the
surface, the molybdenum signals varied as gin(¥) where J
is the collection angle from the surface but the carbon
signal on the dirty surface decreased more slowly with
reduction of angle § .and the sulphur signal on a heat treated
surface increased with angle J from ¥ = 90o to 20° after
which it dropped rapidly as & approached 0°.

In the analysis of these results and discussion with
Bishop and Rivisre(97998) it wes shown that for specific
emisgion angle detectors (CMA or sector) surface materials
give greatest signals at low collection angles to the surface
with a normal incidence electron beam. However a wide angle-
detector (LEED optics used as a retarding field analyser)
is best operated at a low beam angle cf incidence where the
reduced direct ionization is more than compensated by an
increased backscatter factor.

AT Chemical Shifts Observed by A.E.S.

A large proportion of the equipment in present use has

insufficient resolution and accuracy to determine the position



of peaks and the slight shifts associated with different
bonding states. However this situation is charnging, en-
couraged by the results of ESCA machines,

Haas and'Grant(131’132) set up a 4 grid (LEED optics)
retarding field analyser and, by careful elimination of
magnetic fields and centering the sample, detected different
Auger spectra for the KLL transitions for carbon on Mo(110)
depending on whether it wae a carbide formed as the molyb-
denum was heated in vacuum and carbon diffused to the surface
or as carbon monoxide adsorbed on a clean surface.

Shifts of up to 6 eV were observed by Grant and Haas(13%3)
when they oxidised a Ta(110) surface. The shift was ob-
servable within one monolayer of oxide as determined by
LEED., The shift towards a higher binding energy was in
agreement with Siegbahn's results'123) for oxidation of
metals and increased with oxygen coverage. They note that
work function changes in the target do not affect the measured
peak positions as the target and grid are electrically
connected (and thus have equal Fermi levels).

Bishop, Riviere and Coad(134) detected a sharp change
in the relative peak heights due fo titanium atomic level
transitions between the clean and oxidised states, This
change was found to occur in the opposite direction when
sulphur was adsorbed. The 3 peaks involved were assigned
to 0, 1 and 2 valence electrons. The 24 eV M2’3 VV peak
disappeared on oxidation either due to direct screening by
surface oxygen or loss of valence electrons. Plasma loss

peaks from the major titanium peaks were found to be dependent
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in size and position on the state of oxidation.

Different states of oxidation of vaﬁ@ium were studied
with A.E.S. by Szalkowski and Somerjail'®),  @hey found

in core binding energy
a shift of+0.6 evxper vanadium oxidation number in the L2
M2 3 M2 3 inner core transition. The shift in energy for
y ’

transitions involving the valence band was esmaller and less

consistent.

Ts2,4:.10 Quantitative Use of A.E,S.

A.E.S5. is used extensively for qualitative detection of
surface components but it is more useful if accurate values
of amounts and distributions of these materials can be
related to Auger spectra. Quantitative results may be
divided into three aspects:- lowest detection limits, surface
films of less than one monolayer (M-L), and thicker films
where the Auger electrons from internal atoms have to escape
to the surface.

There have been several estimates of the surface density
of species at the limit of detection of A.E.S., The theo-
retical limit for a LEED-Auger 4 grid analyser is given by

(1%5) 12 2

Chang as 10 ° atoms em © and this limit has been

obtained for carbon and silicon, and oxygen on silicon
(Chang(136)). Quinto, Sundaram and Robertson(137) have
used a similar method te Chang to obtain the limit for
carbon on nickel in their 3 grid LEED-Auger system as

1.7 x 10'# atoms cm™?. This represents a film of 0.1 M-IL
at the Ni substrate surface. Using the results of Bishop

(106)

and Riviere , that ionization cross sections are inversely

proportional to the square of the critical ionization po-
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tential, tre limit for sulphur is 0.05 M-L.

For surface films of up to 1 M-L the theory of Bishop
and Riviére may be used; this predicts a linear increase
of the Auger current from the film with increasing coverage
of the substrate. Ibach, Horn, Dorn and Lﬁth(138) followed
the adsorption of oxygen on Si(111) and were able to determine
many factors affecting the sticking probabilities of between
2 x 1074 ang 107, Ertl and Ehepersd 12 used K.B.S. %o
follow the build-up of carbon monoxide on copper/nickel
alloys. In cases of thin overlayers simple standardising

of the spectra gives coverages directly.

1.2.4.11 Quantitative Comparisons of Auger Current

Absolute Auger yields of surface atoms are obtained from
many measured and calculated parameters. However, the
relative yields of surface species and various thicknesses
of overlayers may be directly measured if the Auger analyser
and exciting electron beam conditions are kept constant

for the series of comparisons. The spectra are plotted as
the derivative of the energy distribution curve and, using
the method described by Weber and Johnson(140), the Auger
current is directly proportional 40 "the sum of the positive
and negative going excursions of the line away from the
background shape. The changes of substrate and overlayer
Auger currents with film thickness are required to calculate
the Auger electron mean free paths, which are essential to
the interpretation of A.E.S. data. The sensitivity of the
method depends on the depth in the solid from which Auger

electrons escape with no significant change in energy.
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As is discussed in section I1.2.6 the Auger electron
mean free path calculation depends heavily on the accuracy
of the method employed to calibrate the surface film quantity.

The first report of sensitivity of the method was by
Weber and Peria(gg) who detected 1/10 M-L of caesium evap-
orated on silicon., Palmberg and Rhodin(141) then assessed
the escape depths through silver overlayer films grown on
gold on a magnesium oxide substrate. The calibration point
was taken as the deposition to cause conversion of the
Au(100)-(5x1) LEED pattern to the Au(100)-(1x1)-Ag as equal
to one monolayer, They assumed that film growth was in
complete monolayers and the Auger signals from the surface
and substrate metals would rise and fall exponentially.
Their results gave a mean escape depth through silver of
2 M-L for T2 eV electrons and 4 NM-L for 362 eV electrons.
Gold deposited on silver at room temperature showed the rate
of fall of the silver peak equal to the rate of rise of the
gold peak. This indicated island growth of the overlayer
with islands sufficiently thick to shield any Auger electrons
from the substrate. If the silver peak at no coverage was

normalised to the gold peak at complete coverage the sum
| of the two peaks due to intermediate coverages of gold was
a constant. This showed thick island growth if the two
escape depths of 72 and 362 eV electrons were not identicalj;
they had been shown to differ by a factor of 2 in silver.

The escape depths determined by Baer, Eeden, Hedman,
Klasson and Nordling(142) for X-ray excited electrons of

about 1.2 KeV energy from chromium and gold during the



overgrowth of a gold film on a polished, oxidised chromium
surface were 22%4%, The similar energy electrons from the
two metals gave a constant normalised sum of the two peak
heights, which, .by the argument of Palmberg and Rhodin,

gave no measure of surface layer growth characteristics.

The film deposition was calibrated as a chopped fraction of
a second film of sufficient thickness (»200&) for interfero-
metric measurement.

A useful model for use in the analysis of A.E.S5. results
from many-layered surface films was proposed by Gallon(144).
The primary beam containing "NO" electrons/sec has a probabil-
ity "P" that each electron will be scattered by a given ‘
atomic layer., Any scattered electron has a probability
"A" that it will create a given Auger electron which then
has a probability "E" of escape through each layer to the
surface.

An unattenuated beam passing through such a layer

structure will give Auger elctrons:-

L}

From 1st Iayer = N, P A electrons/sec

2nd Layer = N, P A E(1-P)
3rd layer = N, P A E°(1-P)°
nth Iayer = Nj P A .13}11_1(‘|--I’)m”1

The total Auger current due to one type of Auger transition

in 'n' layers

=N, P A [1-(1-:9)n E“]
1-(1-P) B
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For very many layers

Then I, = No P A [ 1
1-(1-P)E

For n layers

n
I, =1, |[i- (1f£9
L

This model oversimplified the processes occurring in

the surface but the omission of backscatter current did not
affect the result of the last equation if the incident
electron beam was taken as constant current with depth and
this current made the sum of the incident and backscatter
currents., The model closely fitted the results of Palmberg
and Rhodin and showed that ~80% of the silver 362 eV peak
originated in the first 6 layers.

The results of Charig and Skinner(144) for nickel
evaporation on silicon from a heated nickel filament showed
an. initial linear -rate of increase of the nickel 54 eV and
decrease of the silicon substrate 89 eV peaks with exposure
time (assﬁmed to be proportional to coverage) until a co#erage
which may be calculated from the data shown to be ~2.7 &
average film thickness. They attribute this to monolayer
island growth. The Auger signal rate of change then de-
creased to (deposition time)§ which they attribute to the
growth of spherical cap nuclei., Their analysis of their
results implies a sticking probability of 0.4 for nickel on
silicon at room temperature relative to that of nickel on
glass which had been used as a calibration. The Auger signal

from the substrate silicoﬁ was then stopped by a single



monolayer of nickel - a silicon 89 eV mean free path in
nickel of less than 3 f.

However, these results appear to satisfy Gallon's model
extended later by Jackson, Gallon and Chambers(145) in which,
for materials which grow in complete monolayers, the change
of slope marks the completion of a monolayer. This assump-
tion then makes the sticking probability for nickel on glass
similar to that on silicon. The discontinuity at the change
of slope is greatest at the end of the first monolayer, but
may not be observed if the sticking probability increases on
completion of the layer. A change of sticking probability
aleo changes the deposition time between discontinuities
under constant deposition conditions. In support of their
model these authors presented results for silver evaporated
on nickel which was grown epitaxially on freshly cleaved rock
salt. The Auger signal from the silver was found to rise
linearly with deposition time until ~40% of the thick film
value when rate of rise was reduced. The scatter on the
results did not allow further linear portions of the graph
" to be determined. The results showing the decay of the
nickel signal are not consistent in both graphs shownj; only
one is clearly linear. If this discontinuity in the graph
corresponded to the first monolayer, the sticking probability
for silver on.nickel at room temperature was 0.710.2, and
the escape depth for 355 eV electrons in silver was 5.416.6 X.

Evaporation of iron on silicon carried out by Ridgeway
and Haneman(146) did not produce a linear increase in the

iron, 44/46 eV Avger current. The significance of the initial
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approximately linear decrease of the silicon 91 eV peak
could not bve assessed from the results shown., The errors
associated with the method of calibration employed here
are discussed in section I1.2.6. These results corroborate
the errors suggested above in Charig and Skinner's calibra-
tion. |

In the gquantitative A,E.S. study of sulphur adsorption
on nickel crystals by Perdereau(147) the surface sulphur
level was detected by labelling H,S with 355, He recorded
a closely linear_response of nickel Auger 62 eV current
against the metered current to earth from the crystal, i.e.
Auger current (Ni 62 eV) o¢ Ip - T

where “Ip" is the primary beam current to the crystal.

"I " is the total current leaving the crystal face.

This response was identical for both the (100) and (111)
face of nickel, On plotting the Auger response to sulphur
normalised to the nickel 62 eV peak size the 5 points shown
were represented as a straight line in the range 0-1 mono-
layers, This showed that if the Gallon monolayer growth
model could be applied to this case the screening effect
of sulphur to the nickel Auger electrons was low. High
screening by the sulphur would attenuate the nickel signal
at high coverage, raising the sulphur/nickel response from
the lﬁbar absolute sulphuf gignal.

Seah(148:149) L .yicwed quantitative A.E.S. before April

1972 and extended Gallon's theory, written as



InS/IOs = exp(-n/nc)

where InB is the signal from the substrate with n atomic

overlayers

IOs is the clean substrate signal

n is the number of overlayers

nc is the inelastic mean free path for substrate

Auger electrons through the overlayer material.

Similarly
Inc/Iwc = l1-exp(-n/nc)
where the subscript n refers to n layers
" " e T "  bulk material
" superscript ¢ " " condensate signal,

Seah applies no correction for the change in ne due to
the change in energy of the condensate Auger electrons,

When a low atomic number material is condensed onto
a high number material the condensate Auger signal curve
rises more slowly than the above relationship as the rel-
atively high backscatter current from the substrate decreased
in effect. Gallon had assumed this current would be constant
for his model.

Seah also considered the effécts of the condensation
behaviour found iq&eal films. The monolayer growth used
as the basis for earlier models only occurs if bulk diffusion
is negligible and surface diffusion operates. However, for
most experiments the substrate temperature is too low and
arriving atoms remain on the surface plane without completing
earlier layers. The resulting "holes" in the overlayer

film allow the substrate signal to persist longer than
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expected. He calculated that the fractional coverage of

the }m'th layer after the deposition of the equivalent of

n full monclayers resulting from such a method of growth is
Bm = 1-(exp(~n)) (1+n+...+nm"1/(m-1)!)

The condensate Auger electron current from this growth is

1
1.° = 1% (1-exp(-n/n, "))
where nc1 = (1‘9XD(-1/HC))_1
similarly
- I s 1
I, . = .I; exp(-n/n, )

Seah found by numerical substitution that the effective
coverage of thick films forming incomplete monolayers was
AM-L lees than the complete monolayer calculation, The
detected inelastic mean free path is also dependent on the
trajectory of the Auger electrons through the surface film,
Bach A.E.S. detecting system selects a wide or narrow accept-
ance angle for electrons from the target; most analysers
accept a wide range of incident angle electrons and give
results which may be used interchangeably. The normal and
high collection angle C.M.A. and LEED optics retarding field
analyser result in a mean free path of ¥ of the direct path
escape depth, |

I.2:4,12 Interpretation of Platinum Auger Spectra

Platinum was one of the materials studied by Haas, Grant
and Dooley(150) who designated their experimentally deter-

mined peaks as:i-



Observed Energy Transition

(eV)

152 NgNgNg
160 NeleNg
172 NgHaNo

As these transitions occur with the same principal
quantum number for initial and first re-arrangement core
holes they are Coster-Kronig events and occur with a high
probability. Below 50 eV they recorded peaks at 12, 24 and

4% eV,
Gland and Somorjai(17) labelled the following peaks:-

65 eV N6,7%,5%,5

150/160/170 eV Ng4,5% 7% 7
y ?

239/253 eV N4,5%6,79 .5

The.K,L and M Auger and L Coefer—Kronig transitions
in platinum which largely occur at energies over 1 keV, have
been listed by Toburen and Albridge(151) from their studies
of excited states resulting from the decay of 195Au.

A comprehensive list of possible Auger transitions for
the elements; including platinum, has been published by
Goghlan and Dlansing'! %) ysing the mean levels 6f the 2

and z+1 elements for B and C levels as described for copper.

L2413 Interpretation of Copper Auger Spectra

A review of the results and interpretation of LMM Auger

(122). Most

transitions in copper was published by Schén
previous work(121’137’141'152'153) had been carried out at
a relatively low energy resolution but the work of Jenkins

and Chuu'lgr"j-‘:‘J showed splitting of the 62 eV MMM peak into
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two components and detail in the ILI'N transitions. They
attributed the peak intensity ratios of LBMM3*L2MM)>L1NM
to Coster-Kronig transitions. They obtained a good agree-
ment between experimental and calculated peak positions
using the relationship:-

Exmo(z) = Baz) ~ 2Bm(z41)*Ea(2)) = ¥(Eg(gs1) * Eg(z))

The transitions and energy values are listed in Table I,1
Further work by Jenkins and Chung(155) showed that the NMM
doublet was not only accompanied by plasmon loss doublets
about 7.5 eV and 15 eV below the main peaks but also a doub-
let above these indicating a plasmon gain., They could not
determine if the evenf was due to surface or bulk plasmons.

The energy ;cale for spectra obtained using X-ray
excitation was aécurately fixed by Yin, Yellin and Adler(121>
who used the photo-electron peaké as a calibration of their
spectromefer. Allowance must be made when comparing peak
energy positions in the energy distribution mode and the
derivative mode in which the high energy minimum is taken
as the peak position.

Yin, Tséng, Adler and Yellin‘jsg determined a plasmon
loss energy for cleaned copper as 1% eV, Where such losses
could not explain their observed fine structure, particularly
in the L3MM peaks, they confirmed that the lines were Auger
transitions by comparison with krypton spectra and that the
shifts were due to spin-orhit coupling to the valence va-
cancies,

LoD Sample Cleaning

The surface sensitivity of A.E.S. to ccontamination and the
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T T Halo. Ob9. : . Calc, ObS.
Transition (eV) (eV) i Transition (eV) (eV)
1
L.M.M LM, M
145y | e M
LqM Mg 1085 1090 | L MM,
.M, | L. MM
e |1h MRS pas g
T MM : LM, M
1Mighig 1011 | 3oty
L1N3M4 ; 11M1M1 8%9
L. N,M ' L
17275 41010 |
.MM L L, MM
17274 | FEO gr Vels
LyMqNg 7 | Lo,
L.M.M | | L.M.M
L | | "3 V5 997  Bo0
LoMghts - | e
LyMghs 937 i LoboM, 790
LqMghis 936 | Lgligliy 772
LMk, 935 | % Llighis 771 772
L] | f i y
L3M4M4 | LybM, 742 T35 |
1 LghigMg 723
i LibiqMs 888 P
| LMqM, 887 885 LaMqM, 722 717
Lol Mg N LM.M, 694 690
L,MM, LM, 674 679
I, M, M
27275 g5 864
T MM, Myligghys 109 109
h2MQSMQ5 63 62
M 33!.5,5!!':4’5 ?1 59

TABLE 1) Copper Auger Peaks ( Jenkins and Chung ).

g
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sensitivity of LEED to atomic spacing at the surface have
shown that a "clean ordered surface" is approachable but
not attainable.

Except for materials such as mica, magnesium oxide and
silicon (Grant and Haas“sZ} ), which may be cleaved in the
vacuum system the cleaning process is multi-staged. Metal
crystals for LEED studies must be cut to expose the required
face - the angle of cut being determined after a back reflec-
tion Laue X-ray measurement. The method generally employed
to give minimum damage'to a crystal is spark cutting followed
by spark planing. This may be followed by mechanical pol-
ishing with a series of carborundum papers until only fine
marks remain., If the crystal is not supported in a mounting
plastic the face may become bowed and the orientation lost -
when using abrasive papers. However, the use of mounting
plastic allows large parficles of abrasive to be carried in
air holes in the plastic and these may cause scratches at a
later stage. Final polishing may be carried out with diamond
and/or alumina powders on polishing cloths. Diamond produces
a better flat surface than alumina which appears to redis-
tribute the surface material rather than cut it away.

After polishing, the surface damage must be removed,
usually bj etching or electropolishing until an undamaged
surface is revealed but before deep etch pits are formed.

Further'cleaning must be carried out in the vacuum
system where the improved surface can be maintained. Heating
a sample for many hours may anneal damage from the surface

and allow high vapour pressure contaminants to escape.
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However, for most metals annealed at >800°C the surface
becomes enriched with carbon and sulphur which diffuse from
the bulk, Prolonged argon ion bombardment may be used to
sputter these impurities away, while combined bombardment
and high temperature annealing may reduce the bulk impurity
level through surface enrichment and surface cleaning.
Surface impurity removal by annealing in oxygen followed
by reduction in hydrogen has been found to be adequate for «
nickel(110) surface (Owens(zs)) but the apparently clean
platinum(100) surface obtained by oxygen treatment has been
found to differ from that obtained by argon ion bombardment
of a hot crystal by Grant and Haas(68).
1.2,6 _ Quartz Crystal Monitoring of Evaporation
In a study of the Auger effect from very thin films it was
necessary to devise a calibrated monitor to determine the
mass of evaporated metal deposited on a substrate. The
quartz crystal oscillator has been well tested in this role
and is sufficiently sensitive and accurate for the very low
masses deposited in such a study.
In this“methqd a suitably cut quartz crystal with
evaporated metal electrodes is supported so as to receive
a constant proportion of the evaporated metal flux emitted
by a source to a substrate. The natural oscillation frequency_
of the crystal is changed’by the loading of the film and
this change may be related, by calculation or calibration,
to the film thickness on the substrate.
The characteristics of quartz crystals vary with the

angle of cut relative to the crystallographic axes and are
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deseribed by Vigoureux snd Boosis 20) and Heteing L 100),

The quartz crystal may be cut in many ways to give
required features. A plate cut perpendicularly to the
optic(Z) axis (i.e. Z-cut) has no piezo-electric properties
but any other cut will exhibit some piezo-electric effects.
The simplest cut, X-cut, is perpendicular to the electrical
axis and so will readily undergo longitudinal vibrations
but as this will frequently excite tle harmonics of lower
frequency modes its frequency is unreliable., The Y-cut
will vibrate in a more stable shear thickness (transverse)
mode but has a bad temperature coefficient of 86 ppm g -1.
If cuts at angles between the Y-cut and Z-cut are made there
are two angles which give zero temperature coefficients.
These cuts, AT and BT, are close to the AC and BC cuts which
have gero coupling with the interfering low frequency shear
modes., Care must be taken that the plate dimensions of the
AT and BT cuts do not encourage flexure modes, Both these
cute are suitable for thin film mass determination but the
BT cut is thicker for a given frequency and so is easier to
handle,

The crystals may be held in éompression clamps which
may suppress unwanted modes but reduce activity or by clips
soldered at the edges of evaporated metal electrodes. 1In
the latter case the contact point is maintained stationary
by evaporating common terminal films to hoth sides of the
plate.

In.the analysis of the sensitivity of quartz crystals
to evaporated films by Behrndt(160) it is implied that the
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film is evaporated uniformly across the whole crystal. For
thickness shear oscillations the plate is a half wave-length
thick at the fundamental frequency. i.e:-

t o= V. /et =R — (I.6)

; -1
where Vi - transverse wave velocity (m sec ')

t - crystal plate thickness (m)
N - frequency constant (Hz m)
but = m/P A — (1.7)

where /A) is density of quartz
¢
A is area of quartz crystal face
m is mass of quartz crystal

therefore from I.7

1 A

at =F dm S (1_8)
from I,.6

ar = —fz at — (1.9)

1.8 substituted in 1.9 and replacing t

f2

q&’A

The frequency downward shift is proportional to mass

g - am = dm — (I.lo)

change which, for thickness shear oscillations, is independent
of material as the antinodal surface is not critical of the
elastic properties of the overlayer. TFor small changes in
mass the frequency shift due to the film will be the same as
that caused by the same mass of quartz,

This analysis is not completely correct for most crystals

where electrodes are evaporated onto each major face of the
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plate but which overlap, and so excite, only ~50% of the
crystal, A film evaporated on part of such a crystal must
lie on the strongly oscillating part which may then be taken
as area A in this analysis.

A similar analysis by Stockbridge and Warner(161)

(162)
r%Brted by Greaves gives the loaded frequency f; as
=k
-
f = ﬂ(: + 2K t;
t‘ix

where K is a constant near unity which depends on the
mass distribution on the plate
tf is the film thickness
tq is the quartz thickness
This gives equation I.10 with an additional factor K and y
the density of quartz, replaced by/ﬂf, the density of the
film,
Caiibrations of Auger response to evaporated metal films
monitored during deposition with quartz crystals have teen

reported. Ridgeway and Eaneman(146’163)

evaporated iron
and nickel onto a silicon substrate from filaments of the
pure metals., The quartz crystal became the target when the
"silicon sample was withdrawn and was used to calibrate the
flux from the source before and after deposition on the
silicon., The stability of the AT-cut crystal was 1 in 108
" before evaporation and its sensitivity was calculated using
the method described above by Behrndt. As the film was,
apparently, evaporated uniformly over the whole crystal this
analysis is valid. The dimensions of the source and separa-

tion distances do not enable the errors in using an inverse
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square law relationship to be estimated.

(149)

Seah calibrated the response of a quartz crystal
monitor by evaporating aluminium over the crystal and an
adjacent optical flat to produce a step which was measured
by a Talystep. Only one measurement is quoted; the correc-
tions for different distances and angles to the source and
different sticking probabilities on the quartz, molybdenum
and glass are not discussed. A calculated frequency shift
based on Behrndt's mettod was 18% higher. This discrepancy
could indicate that although tre film was evaporated over
the area of the electrodes on tre crystal the oscillating
part of the crystal extends slightly beyond the electrodes

and this area must also be covered to give the predicted

shift

I.3 Further Background

I.3:1 The Pt(100)-(5x1) Surface Structure

Nost materials studied with LEED exhibit a clean surface
structure with trhe characteristics of the corresponding
plane in the bulk unit cell. However, three metals, plat-
inum, iridium and gold, exhibit a similar complex pattern
on the (100) face when subjected to the commonly used clean-
ing techniques.

The first reported LEED study of the Pt(100) face, by
Tucker(so) does not describe the clean surface pattern but
subsequent reports by many other workers have shown a diffrac-

tion pattern which is labelled approximately as Pt(100)-(5x1)
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(14’15). Two papers by Fedak

by Hagstrom, Lyon and Somorjai
and Gjostein(164’165) describe a similar structure on gold
crystale:- Au(100)-(5x1). They considered the possible
causes to be facetting, which did not particularly favour
the very stable (5x1) configuration, or impurity atoms
regularly spaced on, or included in, the surface, requiring
unusually long range interactions, They proposed a surface
active, bulk impurity derived overlayer of impurities., 1In

a later paper, describing the use of a better resolution

LEED instrument, Fedak and Gjostein(166) observed a splitting
of the fractional order reflections into triplets and doub-
lets with particularly bright spots visible in the positions
corresponding to an exactly orientated Au(111) type hexagon-
al overlayer. They considered the diffraction effects from

a square (100) substrate with a (111) overlayer and showed
double diffraction would be characterised by a cut off of

the Au(100) (10) reflections at an electron energy of 18.2 eV,
the condition that the electron‘wavelength equals the surface
mesh dimension. However, the (10) reflection could be
observed down to 10 eV, They then proposed an Au(111)
spacing overlayer coinciding with the (100) substrate after
each (5x~20) (100) meshes and carried out a structure factor
analysis to attempt to explain the spot intensities, Only
when the coordinates of the components of the superlattice
were modulated across the coincidence mesh was a fair fit
with experiment obtained; the errors were attributed to the
square wave modulation used in the model.

Impurities were still thought to be present to overcome



the obviously energetically unfavourable growth of Au(111)
directly on Au(100).

Palmberg and Rhodin(167)

grew gold films on clean silver
films in good U.H.V. conditions. By growing the films on KC1l
or Ng0 substrates diffusion of impurities was minimised

while purity of the evaporant was checked by monitoring in

a gquadrupole mass spectrometer. They found an Au(100)=(5x1)
formed after 3 monolayers (WM-L) deposition of gold on a
silver film exhibiting a Ag(100)-(1x1) pattern., The (5x1)
pattern returned to a (1x1) after further deposition of 1 M-L
of silver. Gold evaporated onto an Au(100) surface exhibiting
a (5x1) pattern only resulted in a (5x1) pattern at tem-
peratures above 0°c.

(168) describing evaporation of monolayer

In a later paper
quantities of gold and silver on Cu(100) and Pa(100) sub-
strates Palmberg and Rhodin pointed out that as gold evap-
orated onto silver tended to aggregate; the figure of 7 M-L
of gold before the Au(100)-(5x1) pattern appeared was an
average figure for the whole surface. Although many measures
were taken to reduce impurities in the films alkali ion
emission was not monitored but was unlikely due to the
electric fields present. Both silver and gold films evap-
orated onto a Cu(100) film took a hexagonal atomic arrange-
ment. The modification to the silver atom spacing in the
overlayer was small while the gold atomic spacing decreased
by 5% in the Cu(ux» direction. Gold grew pseudomorphically
for 1 M-L on Pd(100) which was held at -50°C to reduce

alloying. This required a reduction in gold atomic spacing
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from its bulk value by 4.T#%#. Further evaporation of gold
on PA(100) produced PAa(100)-(1x7)-Au. Evaporation of 1 M-L
of Ag, Pd or Cu on the Au(100)-(5x1) created the Au(100)-
(1x1) structure.

The similar Pt(100)-(5x1) structure was ascribed by
Lyon(Bz) to an overlayer with regularly spaced vacancies,
the spot splitting resulting from the presence of antiphase
domains, He observed simple splitting of the additional
features into double spots and monitored their relative
intensities under various conditions of formation. He
explained Tucker's failure to report the Pt(100)-(5x1) by
showing that cooling the crystal in oxygen caused the loss
of the pattern. However, he did not quote the carbon mon-
oxide partial pressure associated with the admission of
oxygen to the system, The response of the surface to the
presence of oxygen implied that the surface was contaminated,
‘probably by carbon; Weinberg, Lambert, Comrie and Linnett(169)
have shown that the rate of absorption of oxygen on a well
cleaned Pt(111) crystal is very low but increases in the
presence of impurities, particularly carbon.

Morgan and Somorjai(11) described a model in which the .
Pt(100)-(1x1) surface mesh was covered by a hexagon Pt(111)
layer with one direction of close packed atoms of each layer
aligned, This set the constraint of a 57 contraction in the
overlayer in the direction perpendicular to the alignment,
This model does not account for the simple splitting that
they observed.

One of the earliest studies using A.E.S. was directed
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towards solution of the cause of the anomalous surface
structures on platinum and gold (100) crystal faces.
Palmberg(sa) detected no impurities on a Pt(100) crystal
after removing a heavy coating of carbon by annealing in
oxygen, and described the Pt(100)-(5x1) pattern as the clean
surface pattern. He produced more clearly resolved LEED
patterns which showed, from the appearance of a single domain
pattern, that the composite was made up of 4 domain$ related
as 2 pairs with 2 fold rotation symmetry and mirror symmetry
between pairs. The resolution was adequate to enable
Paimberg to index the spots as resulting from a Pt(100)
(/29x% fi70) surface mesh., He did not give a method by which
a hexagonal overlayer reconstruction could be fitted to this
coincidence mesh,

The only report that disagrees with the conclusion
that the Pt(100)-(5x1) pattern is typical of a surface which
is clean within the detection limits of A.E.S5. is from Grant
and Haaa(133). They found that the Pt(100)-(5x1) pattern
resulted from normal cleaning treatments in which annealing
iquygen was used to remove surface carbon. They confirmed
that the modulated ring appearing after high temperature
annealing was due to carbon in graphitic layers. Although
this was removed after argon ion bombardment it reappeared
on annealing to 900°C. However, to the detection limits
of 4,E.S,, the carbon could be permanently removed from the
sample if argon ion bombarded for 6 hr., while the crystal
was maintained at 1200°C, This treatment was considerably

more severe than that usually employed in surface cleaning.
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The Pt(100)-(5x1) pattern observed after this treatment

was modified to a Pt(100)-(1x1) over most of the crystal
surface by annealing at 1100°c. This change was reversed

by annealing at 700°C. The only diffeéhce in A,E.S. spectra
ohserved between the surfaces exhibiting the two patterns
was the diminution of the 27 eV peak when the Pt(100)-(5x1)
pattern appeared. The Pt(100)-(1x1) pattern was not modified
by the presence of oxygen up to 2:{10"6 torr when at room
temperature but changed to a strong Pt(100)-(5x1) in oxygen
at 1200°C. The P£(100)~(1x1) could not be regained after
argon ion bombardment or ahnealing, but was obtained again
after removing and etching‘the crystal in strong acids,

They conclude that the Ft(100)-(5x1) structure is
associated with an impurity near the surface; this impurity
is oxygen or is brought near the surface by diffusion in the
presence of oxygen.

Joyner, Gland and Somorjai(170) have reviewed the
cleaning procedures for platinum crystals. They describe
the Pt(100)~(5x1) surface structures as a clean surface and
the Pt(100)-(1x1) as impurity stabilised, usually by carbon.
Their explanation, using a hexagonal overlayer, can only .
result in a true Pt(100)-(5x1) and not the split pattern
observed. They do not recommend the use of argon ion bom-
bardment in the cleaning brocedure as it is inefficient in
removing surface carbon, but use exclusively chemical clean-
ing in oxygen, They state that the appearance of the Pt(100)
-(5%x1) is a reliable indication of an atomically clean Pt(100)

surface.
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The parallel study of the Ir(100) was continued by
Grant(17j). An Ir(100)-(1x1) resulted from cleaning solely
by annealing at 1400°C but a true Ir(100)-(5x1) resulted
from argon ion bombardment followed by annealing at 400°¢,
Unlike the Pt(100)-(5x1) surface structure the Ir(100)-(5x1)
did not completely'disappear on absorption of CO, 002 or
Oy, When the Ir(100)-(5x1) pattern was visible an A.E.S,
peak at 5 eV was found to be greater than when a Ir(100)-(1x1)
wag seen., This appearance of the Ir(100)-(5x1) was correlated
with oxygen treatment.

Ignatiev, Jones and Rhodin(172) grew xenon crystals
at 55°K on both the Ir(100)-(1x1) and (Sxi) surface struc-
tures. On (1x1) the resulting Xe(111) growth showed 12 fold
symmetry consistent with two domains growing with 2 fold
symmetry on a square substrate. However, on the (5x1)
surface only 6 fold symmetry was observed as the xenon
crystal grew on a hexagon structure.

TeDe2 Alloys

The use of alloys tq provide active surfaces for catalytic
reactions is of growing importance as new theories of cat-
alysis are developed. Alloys may be prepared to give a

large range of interatomic spacings and electronic properties
with greater variation than those of the pure metals.
Although alloys have been studied . extensively for bulk
effects and the interatomic spacings determined using X-ray
diffraction the surface properties have not been commonly
determined using LEED or A.E.S. Indirect indications of

discrepancies between surface and bulk atomic compositions
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were found by Cadenhead and Masse(173) who studied hydro-
genation of benzene over Cu/Ni, Cu/Pd and Au/Pd alloys.

(174) studied fhin evaporated alloy

Moss, Gibbens and Thomas

films (Pd/Rh) to ensure that phase separation and surface

segregation did not occur during simple catalytic reactions.
Order-disorder transformations in the bulk of alloys

are reviewed by Cohen(175) (176).

, and more recently by Irani
This phenomenon, exhibited in many alloy systems, occurs

as the alloy temperature is reduced below a critical level
when the random solid solution changes as atoms take up
specific lattice sites to form a long period superlattice.
The appearance of superlattice features at surfaces may be
important in catalytically interesting alloy systems, Irani
and Cahn(177-9) have studied the particularly interesting
CuPt system in which the copper and platinum atoms order
below 815°C so that the (111) planes are filled alternately
with the two metals. They have resolved the ordering process
occuﬁﬁng in this case as a nucleation and growth (type 1)
reaction where drastic atomic rearrangements occur in small
volumes, The type 2 transformation, in which small atomic
changes occur simﬁltaneously throughout the alloy, was not
found to occur. The two types of transition are character-
ised by the X-ray diffraction changes if the ordering is
accompanied by a change in symmetry. A type 1 change will
cause diffraction from both the growing nuclei and the
unchanged volume while type 2 will cause a gradual broadening
of the disorder features and slow growth due to the new

ordered lattice. These changes should be similarly detected



at the surface by LEED.

Order-disorder transitions have also been studied in
the Field Ion Microscope (F.I.M.). The image has been shown
by Tsong and mﬁller(180’181) to distinguish between the
different atoms in each plane and detect the occurrence of
ordering in the Pt/Co alloy system. Platinum atoms were
found to image while the cobalt did not.

The variation of the electronic structure of many
disordered alloys in the Cu/Pt system have been studied by

Ohshima and Watanabe(182)

who have shown the validity of
using forward and back diffracted electrons in an electron
microscope.

(183)

Anderson, Conn and Brandenberger carried out a
study of silica supported platinum copper allecys and found
increasing surface enrichment of copper when the crystallite
size was increased.

Crystallites of less than 304 diameter had a surface
composition similar to that of the interior. However, Hardy
and Linnett(184) did not detect surface segregation in
palladium/silver or copper/nickel alloys using the deeper
surface techniques of electron probe,

Using the high surface sensitivity of A.E.S. Quinto,
Sundaram and Robertson(137) have confirmed the lack of
surface segregation in copper/nickel alloys. They observed
preferential sputtering of copper from the surface layers.

In the platinum/tin alloy system Bouwman and Biloen(185)
vsed a combination of A.E.S. and X.P.S. to fix the depth

distribution of the alloy components. The different energies
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of the characteristic electrons detected in each method
were associated with different escape depths through the
outer surface atomic layers. Using a block step model they
found tin enrichment in a surface layer ~3 M-L thick in PtSn
and ~5 M-L in Pt38n. The enrichment was matched by a depleted
volume further into the alloy surface. Similarly, Williams
and Boudart(186) have found extensive concentration of gold
above its bulk concentration in nickel. This segregation
was greatly reduced by adsorption of oxygen on the alloy
surface. They point out that surface segregation studied
by A.E.S5, is most clearly seen if Auger transitions are
chosen at the energy giving shortest mean free path for the
electrons of that material,

Surface alloying in the copper on tungsten(110) system

(187) | on a cleaned W(110) surface

was detected by Taylor
epitaxial growth with single axis pseudomorphic constraint
was seen at 0.5 M~L coverage. This superlattice corresponded
to 7 mesh units long. Complex spots, attributable to mul-
tiple scattering were observed in the coverage range 1-3 N-L,
Adsorption of copper on a half coverage oxygen structure on
the tungsten proceeded as island growth. Oxygen was found

to give pre-adsorbed copper mobility to change structure,

T D03 Epitaxy and Pseudomorphiem in Surface Films

The properties of film growth have been extensively studied
in many systems. The occurrence of epitaxial growth, in
which the crystallographic orientation of an overlayer is
simply related to that of the substrate, has been the subject

of many theories., PFPseudomorphism is a special case of
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epitaxy in which the growth of the overlayer material exactly
mimicks the atomic arrangement of the substrate.
The various growth modes for deposited films are re-

viewed by Bauer and Poppa(188).

The basic growth mechanisms
differ for changing film/substrate pairs. Where the surface
energy of the adatoms is large compared with the substrate
there will be a strong tendency to form low coverage islands
with little reference to the substrate orientation, When
a film of similar surface energy to the substrate is depos-
ited there will be a limited depth of pseudomorphic growth.
For high strain energy in the film the mismatch encourages
a rapid growth of island structures. Where surface film
strain is low and only a small misfit exists between adsorbate
and substrate mesh dimensions a strained film may grow
pseudomorphically for many atomic layers. This theory,
proposed by Frank and van der Merwe, is expanded with a review
of other theories by van der Merwe(189).

Bvidence of pseudomorphism has been presented by Matthews
and Jesser(190) for platinum evaporated onto gold so that a
wedge film was formed., When studied by Transmission Electron
Microscopy (T.E.M.) the 2-10 & film areas were strained to ’
match the gold surface but greater thickness films developed

dislocations to relieve the stress. This surface behaviour

is in accord with van der Merwe's theory.



CEAPTER II __ EXPERIMENTAL TECHNIQUES USED AND KETHODS

DEVELOPED,

i e
S ——————

1 Low Energy Electron Diffraction

P LEED/A.E.S. Vacuum System.

The basic system, a commercial unit supplied by Vacuum
Generators Ltd., was taken over from A, Owens who had been
studying gas adsorption on the (110) face of nickel. He
has already described the characteristics of the LEED optics
and performance of the vacuum system, The LEED system was
normally operated in the Field Free mode by maintaining the
first grid nearest to the crystal at earth potential so that
electrons diffracted from the crystal were unaffected bdy
electro-static fields. A small trimming magnet was used
to counteract stray magnetic fields from the sputter ion
pumps, magnetic system parts, and the earth's field, The
middle grid was maintained at a potential within 5 V of the
LEED gun cathode so that uniform minimum background intensity
was observed on the fluorescent screen. In this 3 grid
system the final grid adjacent to the screen was maintained
at earth potential to reduce field penetration distortion
at the middle electron energy selecting grid from the high
potential on the screen (~5 kV).

Diffraction patterns observed in the system could be
recorded by photographing with a Praktica AB single lens
reflex camera with an additional 2 dioptre close up lens,

Exposure times of 5-10 minutes were required to record weak



patterns on Ilford HP4 film. This time was ~4 times greater
than that reported by Owens for similar electron gun condi-
tions indicating that the fluorescent screen had become less
efficient due to film evaporation from the nickel crystal
and holder. Exposure times were reduced to 1 min. with no
noticeable loss of quality by using Kodak 2495 RAR film
developed in Ilford "D8",

1 (P ILEED - Screen Constants

The normal method of use of a LEED system for surface mesh
dimension determination requires a knowledge of beam energy,
screen radius of curvature and screen aperture diameter,
With a crystal at the screen centre of curvature the first
order diffraction spots from a group of planes intersect the
edge of the screen when
Sin® = A/a = t /e,

r, is screen radius of curvature

r, is screen aperture radius

d is interplanar spacing (a)

X\ is electron wavelength = Jﬁ§67Z7?

V is the electron elrectron energy (i.e. accelerating

voltage). '

If the dimensions supplied by the manufacturers of the
LEED system are used to determine the surface mesh of nickel
from the patterns of Owens(25) e.g. Figure 111.36 where the
Ni(110) (11) first order beams are on the edge of the screen
at 13 Vv

Then Sin € (full screen) = 2,05/2.60
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d(11) = 2.60 [150.4
2.05 i

The nearest neighbour distance in nickel, d(?o)’ is [2/3 6(11)

Then d(10) = 1.49 %,

As there have been no reports of such a deviation from
the bulk spacing of 2.49fthe system errors have been inves-
tigated to enable surface spacing measufements to be made.,

The following relevant parameters were measured to detect
the source of error.

The grid and screen dimensions were found to match the
manufacturer's figures when disassembled. However, the
useful area of phosphor could not be measured under these
conditions.

A method was developed to ensure that the crystal was
positioned within 1 mm of the centre of curvature for LEED
and A.E.S, and is described in section III.5.2.1.

The electron accelerating potential was measured with a
‘digital volt meter (D.V.M.) and was found to be within 1 V of
that indicated in the range 0-100 V,

Alternatively, taking the clean Ni(110) diffraction
pattern as resulting from a rectangular surface mesh of
dimensions a = 2.49 % and b = 3.52 &, the effective LEED
screen aperture for diffraction spots visible at its edge
was 93.2 mm. When, for the work described here, the nickel
crystal was replaced by platinum crystals the calibration of
useful screen aperture was found to be within 2% of this

value,
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II1.2 Auger Electron Spectroscopy

The system was a standard 3 grid retarding field analyser
supplied by Vacuum Generators Ltd. as an extension to the
IEED system and used the IEED grids and screen for energy

" selection. The detailed circuits and operating instructions
are listed in V.G. Technical Information Bulletins 01,721

to 01.729. The system as supplied was_only capadble of
operating at a low resolution (~2.5%) which was limited

by the field penetration at the middle (energy selection)
grid,

IT.2.1 The Incident Electron Beam

The excitingjelectron beam was obtained from a L.E.G. 3
glancing incidence gun positioned in a side arm of the system,
the axis of which was at 78° to the LEED gun axis. The gun
was supplied from 2 LED 3 Low Noise unit which stabilised

the filament current and provided potentials for the two
non-carthed electrodes. The normal operating conditions

for quantitative work were:-

A4 Electrode (Beam Energy) = 2.5 kV
A2 Blectrode (Focussing) 620 V
I'ilament emission (to can) 0.94 mA

Filament current - to maintain emission (~3.7 A)

The beam could be deflected in the system by two pairs
of electrostatic plates fed from a battery supply, or by
manjpulation of a trimming magnet. However, movement of
the magnet could change the field between the crystal and the

grid and so deflect Auger electrons from a straight line
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radial path to the screen when maximum resolution was obtain-
ed. A magnet position was found where resolution was best
and all further incident beam moves were carried out using
the electrostatic plates.

The incident beam was found to be responsible for much
of the noise in the Aﬁger spectrum. The current control
potentiometer was replaced when necessary when violent current
changes occurred. Spurious Auger peaks were observed when
scanning the energy range 400 - 1000 eV where maximum sensi-
tivity was required to detect transitions., When the energy
ramp was stopped the signal variation continued, unlike a
true Auger feature, indicating a change of screen current,
This change in current was eventually correlated with the
passing of the heavy iron counterweight of a nearby lift.
Small movements of the beam on the sample caused most noise
when the beam was positioned near the edge of a single crystal
or at a low angle of incidence on rough or polycrystalline
samples.

The electron beam current is an important parameter in
the quantitative use of A.E.S. as the output signal is
directly proportional to it. The most satisfactory methoed
is by the use of a Faraday cup, which may be interchanged
with the sample, designed to trap all incident electrons.

The current that may be measured in the earthing line of
the crystal (Ic) is related to the beam current (Ip) by
Ic = Ip - Ia
At the primary beam energy used in this work the second-

ary current (Is) was approximately twice the primary current,
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resulting in a net electron flow from earth to the crystal.
As the secondary electron coefficient varied considerably
with surface cleanliness, roughness and beam angle of in-
cidence the earth current was a poor measure of constant
primary beam current..

If the crystal was positively biased the secondary
current was reduced as many of the electrons could not climb
the potential gradient to the system walls and grids. The
characteristics of this secondary current are shown in Figure
II.1. Although the collected current was still increasing
slowly at 500 V bias this was probably largely due to collec-
tion of secondary electrons createa in the gun and not in the
primary beam. A bias of 500 V was used as the standard
for primary beam current measurement, The standard emission
of 0.94 mA corresponded to a beam current of 60t1‘pi for a
normally activated filament.

2 The Retarding Field Analvser

The 3-griad iEED optics were operated as a retarding field
analyser. The first grid was held at earth potential to
preserve the field free region from the crystal to the .
analyser. The energy gating occurred at the second grid
which was slowly ramped through the range of energies of
interest. Cnly electrons having energy above the gate poten-
tial passed through the grid to reach the fluorescent screen
which should have been biased to collect them. To enable
a.c. amplification followed by synchronous detection methods
to be used the third grid between the gate and the screen

was earthed, This reduced the capacitance between the gate,
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where a small a.c. modulation signal was superimposed on

the gate d.c. level, and the collector, where the a.c.
component of the electron current was detected in a tuned
circuit. The smzll remaining capacitance between gate and
collector was sufficient to cause overloading of the ampli-
fiers if a capacitance neutralising bridge was not used.

The V.G. de Sauty bridge fed an equal signal to the non-screen
end of the detection transformer so that currents in the
tranaformer were solely due to the a.c. component of the
electron current.

The major cause of low resolution in this system, field
penetration at the gate grid, was determined by measuring
the gate potential at which a beam of electrons of known
maximum energy could be first detected at the collector.

The electron heam from the normal incidence (LEED) gun was
directed at a Pt(100) crystal at the system centre of curv~‘
ature. The current reaching the screen biased at +210 V
was measured with a Keithly Pico-ammeter. The beam energy
was set at 1000 V and with the 2 grids next to the escreen
connected together the gate grid voltage was slowly reduced
from 1100 V until the current detected by the Pico-ammeter
rose sharply from its low leakage value., The first and third
grids were then connected together at earth potential and
the ramping repeated on the gate grid. The appearance of
the eleastic electron peak occurred at a higher energy and
rose less sharply with voltage change. These results are
plotted in Figure I1I1.2.

This penetration characteristic was similar to that
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determined by Taylor(191) for a-3 grid system.

The point at which a feature was obs=zrved in the electron
distribution or derivative spectrum was labelled by reference
to the potential on the gating grid. This point could not
be directly related to observatione on a different instrument
without reference to the cut off characteristic for the grid
or analyser system used. Peaks recorded at 1030 eV on this
system would appear at 1000 eV on an otherwise similar 4 grid
system.

A retarding field analyser carries out selection of the
component of the electron momentum normal to the plane of
the grids. In the LEED optics system the electrons should
be travelling radially from the crystal through the spherical
grids to the screen. 1If the crystal is not positioned at
the centre of curvature, or the system has a significant
magnetic or electrostatic field the electrons will be deflect~
ed from the radial course. 1In this event the electrons will
be stopped at a lower grid potential than for a radial path.
Such effects must have counteracted to some extent the true
field penetration recorded in Figure I1I1.2. s

31249 Gate Grid Vodulation

The modulator of the V.G. Auger system was found to be
uncalibrated and non-linear. To enable the best choice of
modulation to be selected to give a compromise between peak
size and resolution the grid modulation was recorded on an
oscilloscope to calibrate dial readings. This ie shown in
Figure II1.3 after correction for oscilloscope calibration

error.
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The gate grid modulation was used as the main control
parameter to enable Auger peaks of inherently differing sizes
to be recorded and displayed together. Feaks in the range
30-300 eV were based on a rapidly varying background but
both peaks and background were suitably reduced by smaller
modulation levels. An optimum modulation level was chosen
for each Auger transition and this was used for most work,
When it became necessary to modify this level spectra were
recorded at both the normal and the new level to provide a
correction factor.

IT.2.4 The Screen/Collector

The fluorescent LEED screen acted as the electron collector
in the Auger mode. The standard system provided a control
which apparently biased the screen in the range 0 to +250 V,
This power unit supplied the screen through a 10 M fixed
resistor so that for screen currents of 25 PA even maximum
bias voltage produced no resultant screen attractive poten-
tial. Reduction of the screen feed resistor to 2.5 MNJL
improved Auger signals below 250 eV by ~100%,

i 51 S N Signal Amplification and Detection

Improvements in the signal/noise ratio of both energy dis-
tribution curves N(E)/E and the first derivative curves
dN(E)/E were obtained by removing earth loops improving
signal screening and replacement of poor quality components,
particularly the main amplifier gain skeleton potentiometer.
The amplifier damping control was increased by increasing
the Bandwidth 2 setting to 5 secs, time constant. 0.5 sec

or 2 sec time constants could alternatively be used.
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1526 Operation of 3 Grid Retarding Field Analyser at

High Resolution

The standard resolution of ~2.5 used for much of the work
was adequate for simple Auger spectra. However, when peak
enhancement was suspected due to chemical modifications to
the electron energy positions and distributions a higher
resolution was required. The standard system had a resolution
of 3 V when the gate was held at 120 V. By slowing higher
energy Auger electrons to this energy before analysis the
3 V resolution could he applied to the copper Auger peaks in
the 700-950 eV range. To accomplish the energy reduction the
crystal potential was raised ahove earth so that the emitted
Auger electrons in the secondary electron spectrum were slowed
down by the potential gradient on their path to the first
grid of the retarding field analyser. To enable a range of
energies to be scanned the crystal potential was varied while
the gate grid was held at =120 V with an applied modulation
as usual. The effective gate energy (Eg) was then
Eg = Crystal - Gate Grid Voltage
(observing polarity) y

The E.H.T. ramp generator supplied for the A.E.S. system
could not be used to supply the scanning crystal potential
as it was designed to provide negative voltages only.
However, to provide a variable positive potential a battery
pack was made up to provide 1000 V with the negative terminal
connected to the ramp generator output. The potential on the
positive terminal of the battery pack then became Ramp
output (-) + 1000 V. This simple idea could not be used
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directly in practice as the ramp generator circuit was
effectively a variable voltage source with a diode in the
output. The ramp control operated only as long as the diode
passed forward current. If an excess of electrons was
attracted to the crystal, by the positive potential, the
output terminal of the ramp unit dropped out of control
until it matched the battery potential. To allow the ramp
unit to control the final crystal potential a 5 N§lresistor
was shorted across the ramp unit output so that a small
current was drawn from it to regaih control. The bhattery
pack was made up with 5 KJ resistors between each 67 V
battery to reduce the danger of electric shock. A method
was dgvised so that the battery packs could be connected

in a sequence so that only terminals on the "earthy" side of
the system would be touched. This has been notifieﬁ to the
following user of the equipment.

High resolution spectra, with an energy resolution of
between 0.45 and 0,37 are shown in section 1I1.%.2.4. The
choice of 120 V as gating grid potential was a compromise
between good resolution at a low potential and sufficient
screening of low energy secondary electrons from all parts
of the system.

In the high resolution mode care was required in choosing
the grid modulation voltage to avoid degradation of the
resolution. Resolution was entirely grid limited above
300 V in the low resolution mode. However, the improved
signal to noise ratio found at higher resolution enabled

5 V peak to peak modulation to be used without serious
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modification of the copper high energy spectrum.

11.3_  Raclo Frequency Heating Wethods

Induced current sample heating was adopted to avoid the
contamination inherently caused in the use of any other
methods. In this method circulating currents are induced
in a conducting material in the rapidly varying magnetic
field near a coil carrying high freguency current. 1t is
particularly effective in a vacuum system where sample heat
loss is restricted to radiation and conduction along small
size supporf'wires and thermocouple leads. The power diss-

ipated in the sample may be moderate even at high temper-

atures:-
Heat Loss by Radiation = 5.67 B 10712 (2% - n.%) W cn™
(from Stefan - Boltzman law of radiation)
where E = Emissivity (0.05 for platinum)

Ty = Ambient Temperature (°k)
T, = Sample Temperature (°k)
Applying this to a 1 cm disc of platinum heated to 1000°C
in a room temperature system:-
Rate of heat loss by radiation = 1.2 W,

33.%1 Practical Considerations

High frequency induction heating is used extensively in
industrial processes and is well documented on that scale
(e.g. 192-5). Xo commercial equipment or circuits were
found for a unit which could induce a power of a few Watts

into the LEED/Auger samples. An attempt was made to pass
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rapidly changing currents through a copper work coil by
sequentially discharging large capacitors through thyristors
triggered from a free running oscillator. Although the
thyristor switch-on time was sufficiently fast ( 0.1 ms)

the long recovery time before it could be again switched
allowed a maximum repetition rate of 400 pulses per sec,
This rate was too low to induce significant heating effect.

A more conventional R-F generator was built as a scaled
-down version of industrial units. The common Colpitts
oscillator could not be built as such a design required
a range of capacitors which could not be obtained. However
a Hartley-type circuit could be tuned by easily constructed
coils, The working circuit is shown in Figure I1.4 and
has two TT21 transmitting valves running in parallel.

Further valves may be added for higher power if antiparasit-
ic chokes are fitted in the anode circuit. The tank-coil

was an air-spaced 16 turn, 60 mm diameter spiral of 18 s.w.g.
wire with a power extracting loop of 7 turns of 70 mm diameter
concentric with it., This unit was built in a screened box
with a cooling fan to prevent overheating of the valves or
coils. Power was obtained from an A.P.T. Electronic In-
dustries Ltd. Model 513 Regulated Power Supply which pro-
duced up to 750 mA at 750 V. The operating frequency was
~4 MHz,

To enable the power unit to be positioned at least
1 m from the vacuum system a tuning head was built. When
tuned for maximum power extraction the grid current dipped.

The R.F. current flowing into the vacuum system load coil
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was indicated on a shunted 0 - 10 A thermo-ammeter. Stable
oscillation of the generator occurred at supply voltages in
the range 100 - 750 V; the output power was continuously
variable in this range.

Many designs of work coil were tried in the system.
Maximum coupling with the sample occurred when the sample
to coil separation was very small, but sufficient room was
left to manoeuvre the sample in or out of the coil. The
highest coupling to foil samples was obtained with a double
spiral coil. However, the field induced by the outer coils
of the spiral heated the inner coils to cause outgassing arnd
and possible evaporation.

All coils fed via a stainless steel conductor feed-
through overheated in use even with water cooling coils
on the outer ends. Low outgassing rates were obtained when
a helical 16 s.w.g. molybdenum wire coil was fed from a high
current copper conductor feedthrough with water cooled outer
ends,

The overall efficiency of the system was low (£14) but
thin samples with a total eurface_area of 200 mm2 could
be heated to 1100°C. A Comark multimeter which had been
used for earlier thermocouple voltage measurement could not
be used while the R-F generator was operating due to induced
pick-up. To overcome this a Pye Scalamp Spot Galvanometer
was fitted with a series resistor which was chosen to give
a deflection of 1 large division per 1.0 mV as determined
with a potentiometer. The thermocouple voltage could then

be determined while the sample was R.F. heated.



The mass spectrometer, ion.gauge and copper source
and monitor were unaffected by the R.F. heater but LEED,
argon ion bombardment and A.E.S. could not be used on a

heated sample positioned in a work coil.

114 Argon Ion Bombardment

The standard argon ion gun fitted to the system, a V.G.
-AGS 1, was found unsuitable for cleaning the platinum samples
as the ion current density was low and the ocutgassing rate
was high, The characteristics of this gun are given in
Reference 25 with a recorded maximum current of 0.7 PA measur-
ed at the crystal.
Argon glow discharge cleaning was investigated, Al-
though in a static system the argon pressure required for
a glow discharge was too high, ~1 torr, leading to ion pump
instability on pump down, a flow system through a leak valve
along a capillary tube caused a local high pressure at the
sample. This also suppressed local glow discharges along
the voltage feed wire to the sample and thermocouple leads.
The glow discharge occurring while flowing gas into
the system through a capillary tube to the crystal and out
to a sorption pump was generally unstable. It was found
possible to set up a stable glow solely near the front face
of a sample held at a potential of =350 V with respect to
the nearby R.F. heating work coil. Typical operating con-
ditions were 35 pA current at 250 V,

The sputtering rate from a platinum sample was signif-

: 93



icant - a grey film was observed on a copper R.F. work coil
near the sample after a 1 hour sputtering treatment. However
the time taken for the system pressure to fall to <1 x 1078
torr was more than 1 hour during which time new surface
contamination was found to have occurred,

A modification to the method used for argon ion bom=~
bardment using the V.G.-AGS 1 gun improved the output by
~100% to 1.5 pA total. A 75 mm permanent bar magnet was
supported outside the gun stainless steel tube so as to
produce a local intense magnetic field in ihe ionising area
of the gun. The increased electron path length in the field
caused more ionising collisione and increased output.
However the high degassing rate remained a problem for pro-
longed sputtering. The design faults in the gun responsible
for the poor performance were :

1) the close proximity of a screening grid and outer

can to the filament caused a large area of metal to be

heated unnecessérily.

2) the grid volume in which useful ionisation occurred

was small,

3) the extraction grid aperture was small with a fine

mesh grid.

These features gave a directed beam in a field free
system but in practice a bias on the sample was used to
attract ions,

A new unit was built from a Varian Bayard-Alpert Ion
Gauge on the same principles but with the housing tube

acting as the outer screen and the large diameter grid
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modified by removing the top cover grid. A coarse grid

of stainless steel wire was positioned at the inner end

of the housing tube to extract ions produced in the grid
space., The focussing of extracted ions was very poor in a
field free region but application of a negative bias of up
to 450 V allowed efficient ion current collection.

This gun was operated from a standard control box which
provided a stable 5 mA emission from the tungsten filament
held at -220 V below the grid. As the filament potential
could be raised by up to +300 V above earth the ions leaving
the exfractor grid were of between 220 and 520 eV energy.

With ~-200 V on the crystal a maximum ion current was
detected with a grid potential of 240 V above earth. The
variation of ion current with pressure is shown in Figure
II.5 and indicates that the highest pressure consistent with
a sufficiently fast pump down should be used. The ocutput
" from this gun was particularly enhanced by positioning a
small bar magnet to give a field in the grid space and this
produced an ion current of 10-15 uA at the crystal biésed
at -450 Vv,

The outgassing rate of this gun when operating was
minimal, and did not raise the ultimate pumped pressure

10 torr. As with all measurements of

by more than 2 x 10°
argon ion currents is was difficult to determine the pro-
portion of the current striking the sample relative to that
reaching supply leads which were at the same potential.
However, the sample was the nearest target to the gun.

This gun was found to efficiently clean the platinum
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samples; in particular, it removed all surface oxygen de-
tected by A.E.S. resulting from oxygen treatments to remove

sulphur and carbon in a 30 min. bombardment at 5—10‘pA.

145 Evaporation Sources

31.,5,1 _Tungsten 'Hairpin' Sources

All gold films and many cbpper films were prepared by evap=-
oration from a single (0.010") wire of tuﬁgsten heated by a
current of 3.5 - 4,5 A, This wire was connected to two
terminals of a 3-way U.H.V. current feedthrough fitted in

a cross piece on a side flange of the ILEED system., When
the source was installed the line of sight through the end
of the cross piece could be checked from the tip of the
hairpin, through the collimating disc to the R.F. coil in
which the substrate was positioned for coating., This sight
line was also used fo determine the shutter size and position
required to prevent evaporated metal reaching the LEED
fluorescent screen.

The tungsten wire source was identical when viewed
from either side of plane of the wire and so evaporated
metal symmetrically about the plane. When this source was
fitted in the cross piece the metal flux to the erystal
was indirectly monitored by the quartz crystal positioned
in the opposite direction to that to the crystal, as shown
in Pigure 1I.6.

When the vacuum system was pumped and after baking,the

wire gave rise to an initial pressure pulse when heated with
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the degas current of 3 A but after an initial evaporation
against the shutter the subsequent evaporations were carried
out at a system pressure rising to <2 x 10_9 torr; most of
this gas being carbon monoxide.

Bvaporation from a hairpin source appeared to be from
the molten drop of metal,.which, due to its small size
(~1.5 mm), was taken as a point source for calibration
purposes. An experimant to determine the evaporation
characteristics of a hairpin source was set up as in Figure
II.7. The evaporation from the wire was collimated horizon-
tally sco that each plated section on the glass slide was due
to evaporation from the corresponding 1 mm vertical section
of the wire hairpin. The estimated relative thicknesses for
copper evaporated at a current of 4 A are shown in the Figure
and explain the discrepancies between anticipated film
thickness at the crystal and that measured by Atomic Absorp-
tion. The proportion of the metal evaporated within z 1.5 mm
of the tip of the wire was less than T70#%. For the evap-
orations from this source which were not carried out with
restricting shields the crystal monitor was exposed to a
flux from a larger source than was the sample substrate,

The initial calibration, which depended on the film thickness
on the glass slide, quartz crystal and platinum sample being
related only by (distance)"z, predicted film thicknesses at
least 407 greater than those deposited. However, the evap-
oration rate, as determined by the quartz crystal monitor,
was found to be constant at fixed current through the wire

irrespective of the size of the evaporant metal drop. The
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evaporation rate was thus dependent on the power dissipated
in the wire and not the supply of metal and so the source,

operated under standard conditions, was expected to have a

constant error from the calibration.

This error was eliminated by positioning shields on
either side of the wire so that only 1.5 mm of the tip of
the wire was effective for evaporation to the monitor.

The evaporation rate for this source measured on the
sample crystal was normally maintained at 0.003 monolayers
(M-L) of copper per second,

The wire source was limited to small charges of evap-
orant metal which produced very thin films on the crystal
due to larger separation between source and sample; the
reloading process was time consuming and disruptive. Various
schemes were devised whereby the hairpin could be reloaded
under vacuum, The method shown in Figure 1I.8 allowed 5
reloading charges to be held by a second wire run to the
third available terminal. The charges could only be released
in order on passing a current through wire 2 as the charges
shorted the two wires together, reducing the heating on s
the inner charges. As the hook on the charge was melted
the charge was released to drop to the tip and caused a
sudden drop in current in wire 2 as its resistance increased,
The technique was not sufficiently reliable for continued
use,

Ji.Ded Tantalum Can Source

A successful high capacity can source was developed to

overcome the need for frequent reloading as required by
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the wire sources. The unit is shown in Figure I1I1.9, The
tantalum foil filament was heated by passing a current of
~5 A while the can was maintained at +750 V with respect
to earth. The filament current was finely adjusted to
maintain an emission of 100 mA to the can when the vapour
from the liquid copper in the can deposited on the platinum
sﬁmple at a rate of ~0.1 M-I sec”! of bulk copper., This
source evaporated from the end of the can through collimating
apertures into the LEED chamber. The quartz crystal mon-
itoring was rearranged so that a 10° off axis portion of the
beam to the platinum sample struck the quartz crystal of the
monitor through a second hole in a collimating plate.

The can source, with its large mass and high power
dissipation ( 80 W), caused the LEED system pressure to
rige to 2 x 10”7 torr during the first evaporation after
reloading. This reduced to 5 x 10"8 torr on subsequent
evaporation with carbon monoxide as the major component of

the released gas.

i Y Quartz Crystal Deposition NMonitors

15461 Design of lonitors

Two types of quartz crystal monitor were constructed; the
first responded to the backward flux from the tungsten wire
source, the crystal being fitted on an 8-way low current
feedthrough on the back of the cross piece attachment to

the IEED system. In the second type the crystal was support-

ed in the cross piece part of the LEED system to receive
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10° off-axis flux from the can source.
The quartz crystals used in these monitors and cali-
brated for this work were purchased in sets of 6 or 8, the

crystals apparently being identical within each set.

Manufacturer |  Fundamental Frequency
Marconi . 10.9155 MHx

Marconi 11.7566

GEC 9.43055

All crystals were supplied in glass valve envelopes
with B7G bases. The electrodes were circular discs of
evaporated gold with metal lands to connections at diag-
onaly opposite corners. At the points of connection the
film was continued on the'opposite side of the crystal to
discourage oscillation at those points,

The sample crystals were taken from their glass en-
velopes and the soldered connectors removed., The solder
remaining was removed by scraping with a razor blade. New
connections were made aréund the gold lands with crook shaped
0.5 mm annealed gold wires gripping the crystal, These
wires were then spot welded to the U.H.V, feedthroughs on
a 22" copper gasket flange. A shield plate was supported
in front of the crystal to restrict the area of the crystal
exposed to copper and heat.

The most suitable size of the aperture in this shield
relative to the electrode size is, as described by King and
Hoffman(196), a compromise between a large area with a greater
sensitivity to film thickness and better linearity of res-

ponse, and a small area with reduced thermal drift during
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evaporation. For the earlier monitors the aperture was
3/16" ‘ags recommended by a commercial gauge manual. The
electrode surface was exposed to an aluminium source through
a 2" aperture prior to the first copper film deposition to
enable heavy deposits of metal to be etched off. Etching
was carried out with a strong ferric chloride solution and
enabled each crystal to be used for many evaporations. The
etchant was applied with a fine paint brush and agitated
for several minutes before being washed off with distilled
water., This could normally be carried out without removing
the crystal from the clamping/connecting gold wires.

The drive for the crystal was derived from a single
transistor circuit. The output signal from this oscillator
was buffered with an emitter follower and could then he
monitored with an oscilloscope. For accurate frequency
determination a counter was employed but the high freguency
crystal, employed to give sufficient sensitivity, oscillated
beyond the range of a Racal Frequency Counter (Type SA535B),
As only frequency changes were required an identical circuit
was built. controlled by a similar crystal and the two
oscillator outputs mixed and the beat frequency displayed
on the counter. This system ensured that the sample crystal
frequency changes due to voltage or temperature variations
in the circuits were matched by the standard circuit. The
only significant source of error in the beat frequency
change was that due to unequal heating of the crystals,

The temperature/frequency characteristic of the GEC

quartz crystal was measured to enable the importance of
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temperature stability to be determined and to estimate the
temperature rise of the plate during evaporation., The
sealed sample crystal was partly immersed in a water bath
and the standard crystal left at ambient temperature (24¢°%%1)
while the water bath temperature was varied. Moisture build
~up on the connections to the glass envelope was minimised
by screening, as this capacitance effect could shift the
frequency considerably. The characteristic is plotted in
Figure 11,10 and shows that the frequency shift of the
standard crystal due to a 1°C temperature change from a 229
ambient-was 5 Hz (0.5 ppm deg. C 1),

The frequency shift due to heating the sample crystal
by radiant heat and condensation of the metal vapour depend-
ed on evaporation time. The normal evaporation rate from
the can source of 0.1 M-L/sec of copper at the platinum
crystal gave a'frequency shift which dropped by ~10 Hz
within the 5 mins after a 1 M-L filr deposition,indicating
that the crystal temperature had not exceeded 40°C during
.evaporation. The slower evaporation rate of the wire source
with its lower power dissipation caused a similar shift.

1F.6.2 Calibration of the Quartz Crystal Monitor

IT.64241 Two Beam Interference VNicroscopy

The response of the monitor was calibrated against the film
deposited on a glass slide positioned adjacent to the quartz
crystal., A tungsten w&re copper source was used to lay a

film on a portion of cleaned glass slide which was masked so

that all but 3/8 of the slide was covered with the copper,

For a second evaporation the mask was moved to cover the
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%3/8 of the slide at the opposite end. The resultant film
on the slide was of three thicknesses - due to evaporation
(1), due to (1) + (2), and due to (2), with each section
separated by a sharp étep. The step height was determined
by photographing the two beam interference fringes produced
in a Baker interference microscope with monochromatic light
and measuring the fringe shift by projecting the film nega-
tive onto paper where 10 fringes were marked on either
gide of the step and the shift determined for each. At
least two interference patterns were obtained for each step
and the mean of the fringe shift was obtained. Ambiguity
over. the integer number of fringes shifted was resolved
by setting up white light fringes which could be identified
on both sides of the step. For monochromatic light the
fringe shift was related to the step height,t, by:-

t = MAM2 :

where n is the tofal fringe shift
A is the wavelength of the illuminating light
(in this case 5461 &),

The step height for each evaporation was related to
the thickness of metal deposited on the quartz crystal
assuming an inverse square law to allow for the slight
difference in source to glass slide and source to quarts
crystal distance. |

The calibration graph for the 10.915 NHz crystal in
the U.H.V. holder is shown in Figure II.11, The sensitivity
was 14.3% Hz/R for copper evaporated onto the electrode of

the crystal through the 3/16" collimating hole.
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The assumptions made in this calibration were that the
sticking probability for the copper on the glass was the
same as that on the quartz crystal, and that the. effective
source size was very small compared to its distance from
the substrates so enabling the inverse square law of distance
to be used without significant error. The error due to the
calibrating slide being positioned off the line from the
tip of the source to the quartz crystal has two parts. The
distance to the slide at 10 mm off axis differed from the
perpendicular distance and raised the true thickness of
metal on the quartz monitor by 2.5%. ©The angle ¥ of the
substrate to the beam introduced a further drop of sensitiv-
ity of Sinﬁ’ - up to 1.57, This total error of 4% is com-
parahle to that introduced by position measurement errors
of iO.S mm, and the step height of film measured by inter-
ference methods. However, the source was found to evaporate
from an area much greater than the drop of metal and so
led to very large errors due to different effective colli-
mation of the source for the quartz crystal and the platinum
substrate. The graph demonstrates the linear response of
the monitor in its normal range of operation with total
frequency shifts up to 25 kHz.

Pl.6.2.2 " Gross Calibration of Backwards Flux to Forward

Flux

When changing the monitoring method from backward flux to
forward flux measurements to enable a can source to he used
an approximate value of the forward flux crystal response

to film thickness was obtained. A close shielded wire source
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was operated so as to evaporate onto both crystals giving
a thickness on each determined by 1/(distance)2. The two
crystals were alternately switched to control the oscillator.
The cross calibration was used to obtain the response of the

forward monitor with the expression:-

AEN [pak
= 3 dfg) \De

where subscripts F and B refer to forward and backward
monitors
R is the response of the crystal in Hz/R
df is the frequency shift for a certain evapora-
tion,
D is the distance from source to crystal.

The forward response HF was found to be 15.8 Hz/K for
a crystal of nominal frequency 11,7566 NHz with evaporation
through a 3" aperture. The additional error in this cross
calibration, due to measurement accuracy was 117,

The evaporation characteristics of the wire source,
described in section II1.5.1, resulted in an overwestimate
of deposited film thickness from the above calibrations.

A correction factor of 0.36 was determined from subsequent
Atomic Absorption measurements and applied retrospectively
to hairpin source evaporations.

17.6.2.3 Calibration of Forward Konitor for Evaporation

- from a Can Source

The errors associated with the previous calibration methods
were considerable but were largely eliminated by the follow=-

ing, more direct method. The complete source/monitor cross-
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piece assembly was transfered to an auxiliary pumping system
where a target was set in the same relative position as the
platinum crystal in the LEED system. The target was made

up of a 24 mm square glass cover slide with a platinum foil
sheet partially covering the glass.

The glass was degreased with acetone while the platinum
foil was etched in boiling 50% aqua regia. Both were then
left in cold 40% spectroscopically pure nitric acid for
30 mins in a glass dish in which other samples of the same
acid had been left to stgnd to extract soluble materials,
The glass and foil were then washed in distilled water,
dried on tissues and installed in the vacvum system. After
evaporation of a copper film of A5 M-L (estimated from the
cross calibration of the forward crystal) the glass and foil
were etched separately for 1 hour in 1 ml volumes of the
nitric acid, measured using a grade A pippette, and the
copper concentration determined by Atomic Absorption. The
new figures differed from the cross calibration by a factor
of 2 for the platinum foil and more for the glass but when
the foil was moved to one edge of the glass a similar average,
thickness was recorded for both, indicating that the deposi-
tion source and collimating system was not producing a
uniform flux over more than a small area,

A second series of calibration results was obtained;

a foil plate of 10 mm square was held on the centre line
of the source/collimating plate system and the film measured
by Atomic Absorption. The mean value of the results from

4 films was obtained and was used as the calibration for
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subsequent evaporations., The monitor response was 201.2

Hz/ﬁ of bulk copper at the LEED crystal distance.

This calibration was valid for thin films of copper

on the platinum in the LEED system if:-

a) the sticking probability of copper on relatively dirty
copper (exposed to the atmosphere) was equal to that on
clean copper

b) the sticking probability of copper on dirty platinum
was equal to that on clean platinum

¢) the mass of the film deposited on the quartz crystal
was not significantly enhanced by gettering residual
gas in the relatively poor vacuum of a1 x 10'7 torr

If the sticking probabilities described in a) and b) were

modified equally relative to the clean surfaces the cali-

bration could be used for the LEED system,
The characteristics of film uniformity from the vapour
from the can source passing through a collimating plate

have been reproduced in a simulation using light. A uniformly

illuminated disc of the same diameter (7/32") as the aperture

in the copper source was positioned in line with an aperture -
of 5/16" as in the LEED system, and the light intensity at
the LEED crystal position recorded as exposure of a photo-
graphic film, The density of this film was measured in
arbitrary units using a photometer to measure transmitted
light intensity which,after subtraction from the illuminating
source level,was plotted against sampling position. The

disc size in the plane of the LEED crystal for which the

collimating aperture caused no attenvation was 15 mm diameter,
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beyond which the source became effectively smaller until
extinction at 48 mm diameter.

The result showed that if the copper flux 'illuminated'
the source aperture uniformly the flux passing through the
R-F coil (internal diameter 12 mm) was uniform within 5% and
could be calibrated using a target of up to 15 mm diameter
centred on the axis of the source.

This direct method of calibration eliminated@ the errors
of different sticking probabilities of copper on platinum
and a substrate such as glass, The atomic zbsorption result
depended on the mass of copper and not the surface structure;
island growth of voids in the surface would have increased
the thickness measured by interference microscopy for a fixed
mass of evaporated film.

When this calibration of the forward monitor had been
used to plot the A.E.S. response to copper the process was
reversed to obtain the response of a new crystal (GEC

9,43055 NMEz) in the monitor,
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TEsd Residual Gas Analysis

The vacuum system wass fitted with an E.A.I,. Quadrapole Mass
Spectrometer. This type of gas analyser is compatible with
a LEED/A.E.S. system as there are no fixed magnets, and the
analyser head may be pumped and baked in U.H.V. The unit

was mounted in the vacuum system so that the tungsten filament
and electron path caused ionisation of the residual gas near
the LEED/A.E.S. sample position. The gas ions were accel-
erated down the axis of the guadrapole analyser. Power
supplies in the control unit generated d.c. and radio-fre-
quency modulated d.c. voltages which were fed to the quadra-
poles. The analyser rods operated by setting up a complex
electrostatic field in which ions having only a small range
of mass to charge ratio remained stable near the axis. These
ions that were not thrown away from the axis of the rods were
detected and amplified in an electron multipliér.

The mass spectrometer was normally used to ﬁonitor the
gas composition in the mass/charge (m/e) range 0-50 atomic
mass units (a.m.,u.)., After installation of new components
it could be used to check for leaks using a helium gas probe.-
The use of the Analyser was essential for determining the
partial préssures of active gases such as oxygen or hydrogen
sulphide; the addition of either initially caused desorption
of carbon monoxide from the system walls,

The mass spectrum could be displayed on an oscilloscope,
normally at a rate of 2 scans/sec or be switched through

a Keithley Pico-ammeter for amplification before display
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The LEED / A.E.S. Vacuum System and associated

control units.

The Vacuum Chamber

FIGURE 11,12 The apparatus used in this work.
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on a Bryans X-Y recorder. Serious noise was present in the
latter display and this problem was not solved. The sizes

of the major peaks were noted from the calibrated oscilloscope
screen when required. The general method of use has been

described by Owens(zs).
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CHAPTER IIT EXPERIMENTS AND RESULTS

JI1.1  Introduction

The experimental work was carried out in a system which was
being improved continually. The problems encountered in
earlier work on the platinum foils and (110) crystals en-
couraged improved techniques in the studies of the Pt(100)
and Pt(111) crystals.

Platinum foil was used for initial work to develop
the methods 6f film evaporation and detection without the
use of many expensive single crystals. If the aims describ-
ed for the foils had been acheived the use of discreté single
crystals would have been unnecessary.

In this report LEED patterns are shown in groups of
photographs. 1In each photograph the mask used during printing
coincided approximately with the useful area of phosphor of
the LEED screen. The system was operated in the Field Free
mode and the electron beam energy is given for each result.

The A.E.S. spectra shbwn are in the most common form of |
the first differential of the electron distribution i.e.
dN(E)/dE plotted against electron energy (E). The modulation
voltage from the dial reaéing is given for each part of the
spectrum; The electron energy scale is not marked as it was
“non linear; peak energies are marked where appropriate. The
scan rates were chosen empirically to be at the maximum rates
at which no observable loss of resolution occurred at the

amplifier band width giving sufficient signal to noise ratio.
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I111.2 __Surface Study of Platinum Foil

Initial studies of piatinum foil (99.99% purity, 0.005 inch
thickness, supplied by Johnson NMatthey 1td.) were carried
out with the following aims:-

a) to heat treat the foil to develop large crystallites
at the surface.

b) to obtain LEED patterns from large crystallites and
take corresponding A.E.S. spectra,

c) to develop a satisfactory method of evaporating
copper.

d) to obtain the A.E.S. spectrum of a clean platinum
surface and a series of spectra of the foil covered
by increasing thicknesses of copper.

The development of a variety of crystal faces at the -

surface should enable the growth meshes of the same copper
deposition on different faces to be observed.

TIT .80 The Clean Surface - Pt(Foil)

111.2,71.) Experimental Procedure - Pt(Foil)

At first, the sample foil was cut_to a dise 10 mm in diameter
and clamped to a fired pyropholite holder with platinum
wires. . To enable temperature measurements to be made a
Pt/Pt-13%Rh thermocouple'waa sandwiched between two platinum
foil discs in the holder ﬁhich was machined to support a
tungsten spiral coil heater., The outer (sample) disc was
untreated before installation in the vacuum system and

showed no crystalline features under an optical microscope;

slight parallel rolling marks were visible,
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The sample foil was radiantly heated from behind by
dissipating up to 30 ¥ in the spiral coil filament giving
a sample temperature of up to 1000°C, Attempts to obtain
higher sample temperatures by this method resulted in ex-
cessive feed wire temperatures and possible evaporated
contamination. Higher temperatures also caused high de-
gassing rates from the pyropholite which was found subsequent-
ly to need a highef firing than the conditions of 950°¢ for
16 hours used (i.e. 1100°C for 24 hours) to cause better
vitrification.

A simple modification to the radiant heating system
allowed electron bombardment to be carried out with a power
dissipation at the sample limited largely by the power
supplies used. The samples were heated to 1300°C by this
method but prolonged annealing, more than several minutes,
at thie temperaturé caused instabilities in the electron
emission current, probably due to ionisation in higher
pressure pulses of gas in the sample holder. Operating
conditions to give a sample temperature of 1200°C were:
filament current 5.2 A, emission current 7 ma, accelerating .
voltage 600 V.,

The temperature of the foil varied considerably across
the disc during electron bombardment heating; observation
with an optical pyrometer indicated a sample temperature
of ~1250°C at the centre when the edge indicated ~1050°C.
This uneven heating caused the foil to bow in the holder
after extended heating. The principle components of the

residual vacuum during heating as determined using the mass
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spectrometer were normal hydrogen and carbon monoxide levels
but with a high proportion of chlorine.

LEED and A.E.S. results were obtained from the same
area of the sample surface by positioning the incident
beams using a coordinate system. The sample manipulator
enabled calibrated movements of the sample in the incident
beam to be made. The vertical 1ift control directly pro-
vided a calibrated shift on the sample while movement
horizontally was made using one of the two horizontal tra-
verse screws. The position at which the centre of the
sample intercepted the electron beam was determined by
scanning across the sample until the diffraction patterns
resultiné from the LEED gun or channeling patterns from
the A.E.S. gun were lost at the edges. The presence of
secondary electron current to the crystal could not be uséd
to determine the sémple edge position as the low angle of
the beam from the glancing incidence A.E.S. gun allowed the
beam to strike the sample edge.
111.2.1,2 Results - Ft(Foil)

No LEED patterns were observed after annecaling the foil
to the 1limit of the radiant heating system.

After higher temperature annealing using electron
bombardment to obtain sample temperatures of 1100°% - 1250°C
polycrystalline areas were detected on the crystal., Many
diffraction spots were obhserved with no obvious symmetry.
The zero order beams were detected by their lack of movement
when the incident beam energy was varied and these indicated

the presence of many crystallites with facets inclined to
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the surface of the foil. It should be possible to determine
the number and relative angles of the facets in the incident
beam by taking a time exposure photograph of the diffraction
pattern whilst varying the beam energy. The photograph
should then only record as clear spots the stationary zero
order beams. However the planned work required crystallites
of a similar size to the incident electron beam to allow
unambiguous indexing of diffraction features.
After using in-situ cleaning methods of long annealing
at >1000°C in oxygen at ~107 7 torr and low current argon
ion bombardment, areas could be found on the foil sample
where only one surface mesh orientation contributed to the
observed diffraction pattern. Single mesh patterns are
shown in Figure III.1, Of these only diffraction pattern
Figure JII.lc showed no interference from adjeining crysta-
llites and may be interpreted as 2 domains of
PE{T11) (24T 2 2/DRran™" /5. THis Surfece mesh is shows
in Pigure 1I1.2. The positions of large crystallites were
referenced on the foil using the LEED gun and attempts made
to take A.E.S. spectra of the surface of the different
crystallites, |
A referencing system was found impracticable for the
following reasons,
a) The large and non-cylindrical nature of the LEED
gun beam caused a diffuse cut off at the sample
edges. Subsequent position measurement was subject
to an error of -1 mm.

b) Although the A.E.S. gun beam focussed more sharply
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FIGURE ITII.1 LZED patterns from polycrystalline surfaces

of platinum foil.
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X Base Mesh Atom Position

[j Limit of Surface Mesh

FIGURE I11.2 Surface Nesh Pt(111) (2[7x2JT) on
Base hiesh PL(111) (1x1) Crystallite.

123



(estimated as 0.5 mm, from the size of the light spot
on a fluorescing sample) the low angle of incidence
(12°) spread this spot to 2.4 mm in the horizontal
direction.

¢) Slackness in the crystal menipulator internal bear-

ing allowed uncontrolled movements of up to 3 mm
at the sample position.

Few crystallites were found of sufficient size to give
single diffraction patterns.

The sample giving rise to diffraction pattern Figure
I1I.7¢ was removed from the system and etched in boiling 50%
Agua Regia for 5 mins when microscope examination showed
crystallites with minimum surface dimension of up to 1.2 mm.

The A.E.S. spectra obtained from the platinum foils
freguently contained several apparently random peaks (which
were subsecuently explained by electrical interference from
the ionization gauge and magnetic interference from the
counter-weight of 2 nearby 1lift). FHowever, impurities on
the platinum surface were clearly seen,

Carhon (273 eV) was the major surface component of all
newly installed samples. Although reduced by argon ion
bombardment or annealing in oxygen the carbon was never
reduced below the detection limit of the instrument. The
continuing presence of carbon at the surface was attributed
- tos
a) ineffective cleaning by the low current ion gun

which degassed heavily ( 1072 torr £ sec”™! - mainly

carbon monoxide).
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b) cracking of carbon monoxide on the surface under
the influence of the incident A.E.S. gun beam
(Lambert and Comrie(GG)).

¢c) diffusion to the surface of bulk carbon during
local heating by the focussed electron beam,
Fhosphorpus was not detected on the acid etched foils

after gentle cleaning treatment. However, after prolonged

annealing treatment of 2 hours at 800°C a small peak at

~120 eV was seen., This peak became large after a further

5 hours at 800°C,

A peak at 295 eV attributable to calcium was also

observed during cleaning and initial copper evaporation

operations. The smaller calcium peak at 320 eV could not

be resolved from noise to confirm that rhodium from the ,

foil or thermocouple was not present,

Sodium (~1000 eV) was present at the surface but the
signal was subject to considerable noise.

Potassium was also suspected at the surface but co-
incided with a platinum peak at the low resolution available.

Antimony (460_ev) was found as a significant‘peak during:
the surface treatments. | .

Serious contamination of the foil samples was attributed
to the use. of the pyropholite holder. The high degassing
rate in the filament Bpacé would be responsible for a high
sputtering rate for filament and surrounding ceramic mater-

jals. Such a holder was not suitable for the preparation

and maintenance of clean surfaces.
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O B R4 Copper Evaporation on to Platinum Foil

EXT o226 Experimental Procedure

A tungsten hairpin source was used and positioned sufficiently
far from the sample to allow close control of the evaporation
rate. Operation of the source, after initial outgassing

and evaporation onto a valve acting as a shutter, raised

the system pressure during evaporation to~ x 102 torr

from the base pressure of 2 x 10"10 torr, The characteristics
of the source are described in section II.5.1. The copper
vapour leaving the source was collimated through two circular
apertures, the first to protect the isolating valve from
excessive metal build-up which could have interfered with

its operation, and the second to restrict copper evaporation
in the large vacuum chamber to the sample area, The pPyro-
pholite sample holder was fitted with a stainless steel

sheet collar to prevent copper deposition on the LEED screen
and grids. This form of shield restricted viewing of diffrac-
tion patterns to outer areas cnly.

111,.2.2.2 Results

As the LEED patterns at the surface before evaporation
could not be accurately referenced no attempt was made to
follow the effect of evaporating metal,

Due to the unexpected characteristics of the hairpin
source less copper was evaporated than anticipated, An
average surface coverage of~ 0,1 monolayers was seen with
the A.E.S. as a peak at 108 eV. The anticipated higher
energy signal peaks from copper were indistinguishable from

the large noise level at analyser energies of 600-1000 eV at
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lower coverages.

An A.E.S. spectrum taken of a foil surface with 0.1 N-L
of evaporated copper is shown in Figure 111.,3. The many
impurities present may be seen.

As the noise present in the high energy range (600~
1000 eV) was particularly severe on polycrystalline samples
dﬁe to magnetic deviation of the incident beam an attempt
to obtain a film thickness/Auger signal calibration was not
attempted further.

B Foils - Summary

1) Crystallites of sufficient size for LEED and A.E.S. study
could be grown in platinum foil by annealing at >1000°¢ for
several hours.

2) Although a referencing system was devised to locate
'specific areas of the sample for both LEED and A.E.S5., studies
the slackness of the manipulator was too large to allow the
system to be used.

3) Surface contaminstion by carbon, sulphur, phosphorus,
calcium and antimony was observed. #uch of this may have
originated from the pyropholite sample holder.

4) The sensitivity of the A.E.S. to evaporated copper was
low. The rough polycrystalline surface contributed a high
noise level as the electron beam was affected by small
magnetic or electrostatic fields. The rough surface may

" have caused shadowing of surface copper in 'valleys'.
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NET .S Surface Study of Pt(110)

I %1 The Clean Surface

111.%:1.1 Experimental Procedure

An irregular single crystal, supplied by Metals Research
Itd., with its face spark cut and spark planed to within

io of the (110) plane was cut to give a sample 2.0 x 2.5 mm
of thickness 1.0 mm. These cute were made with an 80-100
mesh diamond grit cutting blade rotating with an edge speed
of 20 m. sec"1 while the crystal was mounted on a softwood
block with Araldite. '

The crystal was then set in a mounting plastic and
polished first on wet fine emery cloth (600 grade) until
uniformly marked. It was then washed in an ultrasonic bath
to prevent carry-over of coarse grit, and polished on a 12
inch 1 pm diamond abrasive cloth on a wheel rotating at
250 r.p.m. The direction of cut was perpendicular to that
of the emery polishing, and was continued until the emery
marks disapﬁeared. After dissolving the crystal from the
plastic in acetone followed by a 2 min. etch in boiling 507%
agua regia it was clipped onto the front of a foil disec
holder and a Pt/Pt-13%7Rh thermocouple inserted at the side
of the crystal. The holder and crystal. were then etched
for 5 mins.,, washed in distilled water, and installed in the
- sample heater unit in the vacuum system.

The temperature recorded by the thermocouple was
intermediate between the electron bombarded foil and the

outer face of the single crystal. The recorded temperature
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was estimated to be ~100°C higher than the crystal front
face temperature when 1100°C was recorded.

The inability to clean the surface using the equipment
avajilable up to this stage led to the development of the
inherently cleaner method of high frequency induction heating.
The system was modified to use this method before further
study of the crystal.

The Pt(110) crystal was heavily etched in boiling 50%
aqua regia for 10 mins before insertion into a new platinum
foil holder to increase the effective area for R.F. heating.
A Pt/Pt-13%Rh thermocouple was spot-welded to the foil near
the crystal and two 0.25 mm support wires fitted for attach-
ment to a barrel connector on the crystal manipulator. The
crystal assemhly was again etched for 3 mins., washed in
distilled water and installed in the LEED/A.E.S. system,

The crystal was then cleaned by a series of argon ion
bombardment treatments at a higher pressure (1 x 10—4 torr
of argon) tﬁan useé earlier and with a magnet positioned for

_2). This was alternated with

maximum ion current (7.5 hA mm
annealing treatment at up to 600° in 1 x 10_7 torr of oxygen,
for periods of 10 mins,

5 0 0 e Results - P£(110)

L3155 .27 BElectron Bombardment Heating

After bekeout and degassing of filaments to obtain a base

FH0 torr in the system, A.E.S. scans of

pressure of 6 x 10
both the crystal and the backing foil showed large coverages
of carbon and sulphur with small peaks due to phosphorus,

calcium and antimony. No LEED patterns were visible at this
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stage.

Thgérgon ion gun, operating at a current density of
2 nA mm™% was ineffective for cleaning. A series of annealing
treatments in vacuum and oxygen pressure of ~5 x ‘IO"B tory
was then carried out until LEED patterns could be observed
and surface impurities were reduced. Phosphorus was found
at increased concentration at the surface after prolonged
annealing in vacuum but was reduced in oxygen. PFProlonged
annealing in oxygen (65000 for 4% hours in a pressure of
oxygen of 5 x ‘lO'8 torr) resulted in a large oxygen Auger
peak at 510 eV, When the crystal on its backing foil was
removed to etch off surface contaminants a black deposit
was found on the back of the foil. This was resistant to a
mixture of strong acids and appeared to be sputtered tungsten,

After reinstalling followed by a 15 min, anneal at a
recorded temperature of 1250°C well defined LEED patterns
could be seen, PFigure III.4a shows a mixed pattern. The
strongest features were Pt(110)-(1x2) but (1xn) and (2xn)
spots with n=2,3 and higher were present. These meshes are
shown in Figure 1IT.5. This pattern corresponded to an
A.BE.5. spectrum showing a large calcium peak but low phos-
phorus, sulphur, carbon and oxygen. Figure 1I1.4b from the
crystal showing a similar A.E.S. spectrum indicated the
development, after further annealing, of the Ft(110)-(2x2)
- with some Pt(110)-(3xn) features,

Further high temperature annealing was found to decrease
all surface contaminants except calcium. The major peak

was recorded at as high as 300 eV when nearby platinum and

131



a) 101 V b) 59V

£) 135 V

FIGURE IITI.4 1IEED patterns from Pt(110) with surface

impurities. a-d) After electron bombardment heating.

e,f) R-F heating. d) Surface impurity 0.1 M-L Copper.
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shown in Figure J1I1I1.4
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carbon were within + 2 eV of the values of ref. 114, Bowever
fhe presence of a small peak recorded at 324 eV is typical
of calcium and not rhodium,

Attempts to clean the surface further using the argon
jon gun (ion current ~2 nA.mm“z) resulted in an increased
carbon signal and unchanged calcium level,

Figure III.4c shows a LEED pattern from a high calcium
level Pt(110) crystal with a Pt(110)-(2x2) diffuse pattern
with bright facet features.

II1.3.1.2.2 R-F Heating

The improved cleaning procedure resulted in a surface showing,
by A.E.S., no significant impurity peaks except small carbon
(273 eV) and oxygen (516 eV) peaks. Crystal annealing in
oxygen-at less than 1 x 10”7 torr was limited in ability to
remove carbon due to build up of carbon monoxide in the

system as the components of the R-F heating system over
~heated. The resultant surface showed both carbon and oxygen
peaks by A.E.S. Surface carbon annealed at 800°C for several

minutes ordered to a graphite structure with its characteris-

tic ring diffraction where the ordering was low (Figure
IIT.4e). Annealing to higher temperatures up to 1000°C in

i 10_8 torr of oxygen reduced the carbon level further

and removed the ring diffraction pattern due to the graphite
surface mesh. Despite the lower surface impurity level
(small oxygen, carbon and sulphur) the surface mesh remained
complex (Figure III.4f). The lowest carbon level was observed
after prolonged annealing in oxygen (600 - 900°C at 5 % 10"8

torr of oxygen). No other impurities were observed in an
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A.B.8, spectrum from O - 1100eV .except a very large oxygen
ﬁeak. After the crystal was annealed at 1100°C for % mins

in vacuum the oxygen peak almost disappeared but large carbon
and moderate calcium signals were obtained. The calcium
signal varied with the beam position on the crystal.

IET.3.2 Copper Evaporation on Pt(110)

The contaminated Pt(110) crystal exhibiting complex LEED
patterns was exposed to the copper source operating at a
low evaporation rate.

The principal surface impurity before evaporation was
calcium recorded at 299 and %23 eV. After evaporation of
<0.1 M-L of copper small broad peaks corresponding to copper
were observed in the T80 - 940 eV range while the relative
heights of the calcium and platinum peaks were unchanged,

A large broad peak at ~205 eV appearing after evaporation
was well displaced{jrnchlorine (181 eV); argon (200 and

215 eV) had not been used before the evaporation. The LEED
pattern resulting from this low coverage was clear Pt(110)-

(1%1) with no other featuree present (Figure 1I11.44).
I1T.%3.5 Pt(110) - Summary

1) Deposits on the back of the crystal indicated heavy
sputtering of tungsten from the filament and pyropholite
from the holder. The crystal had developed high impurity
levels whiie annealing.

2) Impurities (calcium and phosphorus) were easily etched
from the surface znd were slowly replaced on annealing,
High calcium-levels were detected on annealing after high

surface oxygen levels had been detected,
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%) ﬁo clean surface 1LEED patterns were obtained., Impurities
stabilised patterns of the type Pt(110)-(1xn).

4) The P£(110)-(1x1) LEED pattern was observed after a
submonolayer deposition of copper. This may be compared

to the stabilising effect of copper on Pt(100).

I1T.4 Surface Study of Pt(111)

) e i A O | The Clean Surface

i W g o Crystal I

TET 2. 1he] Experimental Frocedure

This crystal was supplied by Metals Research Itd, from a

5N (99.9997) purity boule and oriented to within 2% of the
(111) face, cut and planed by spark erosion. It was mounted,
and polished on abrasives in the following order; 600 grit
emery paper, 6 Jm diamond paste then 1 pm diemond paste on
polishing cloths. After etching in boiling 507% aqua regia
for 3 mins. the crystal was spot welded at an edge to a
0.25 mm 4N purity platinum support wire. After a further
2 mins -etching the crystal was installed in the LEED/A.E.S.
system, After bakeout and degassing the system to give a
pressure of 2 x 10710 torr the crystal was annealed in
oxygen at a pressure of 6 x 10~8 torr at 920°%.

R 8 L N A S Results

The reduction in system contamination relative to earlier
work was shown by the high ratio (17 : 1) of the m/e = 32
oxygen peak to the carbon monoxide 28 peak seen on the mass

spectrometer. After further annealing at 600 - 750°C for
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several hours the 1EED pattern observed was a diffuse
ft(111)?(1x1) and the A.,E.S. showed moderate size carbon

274 eV and very small calcium 294 eV peaks as the only
surface impurities. A large oxygen peak (516 e?) appeared
after annealing for 4 hours at 750°C in 5 x 10°° torr of
oxygen; the LEED pattern corresponding to this was a diffuse
Pt(111)=( Bx B)R %0° (Figure I11.6a), The A.E.S. spectrum
showed the presence of sulphur (Figure 1II.7).

8 torr at 910°¢ for 1 hour)

A hydrogen treatment (1 x 10~
was used to reduce the surface oxygen but the carbon level
increased and calecium was again detected. The LEwD pattern
was then a diffuse Ft(111)-(2x2) (Figure 111.6.b).

The crystal was removed from the system and etched
for 5 mins. in boiling 50% aqua regia before being returned

=10 torr with

and pumped to an ultimate pressure of 1 x 10
major components hydrogen (m/e = 2), water (18), carbon
monoxide (28), chlorine (35,3%6,37) and carbon dioxide (44).
An oxygen treatment of 5 x 1078 torr at 750°C for 15 mins.
followed by a 16 hour argon ion bombardment and an anneal
up to 950° produced a surface giving sharp Pt(111)-(1x1)
diffraction pattefns (Figure I11.8c¢c,d). The presence of
ordered carbon was seen as a weak ring outside the first
order platinum diffraction spots. After further annealing
at 950°C in 1 x 10-7 torr of oxygen the carbon level was
still very high and a well ordered ring pattern showing a
two domain graphite mesh was observed (Figure 11I.6c,d).

At this stage it was possible to remove most surface

carbon by annealing in oxygen (1 x 10~7 torr at 700° for
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a) 41V b) 43 V
Pt(111) (B=L3)R30° Pt(111) (2x2)

c) 41V d) 30V
Graphite on Pt(111)

FIGURE III.6 LEED patterns from a Pt(111) svrface in

the presence of impurities.
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Beam Ep = 2.5 keV

4V 6V 10V

&3

516

FIGURE IIJ.7 Auger spectrum from Pt(111) crystal
after oxygen treatment,.
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a) 62V b) 50V
Pt(111) + Surface Oxygen

c) 64V d) 49V
Pt(111) + Surface Carbon

FIGURE I1II1.8 LEED patterns from Pt(111) in presence

of impurities.
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several hours) but this resulted in surface oxygen being
detected by A.E.S. Insufficient oxidation of a carbon
covered surface resulted in a graphite mesh diffraction
pattern while further oxidation could lead to a stable oxide
overlayer. This chemical treatment could not be sufficiently
controlled to give a clean surface. Nore efficient argon
jon bhombardment methods were then developed to overcome this.

After a sequence of argon glow discharge sputtering,
annealing the sample in oxygen at 2 x ‘iO_'7 torr at 75000
then further glow discharge sputtering, A.E.S. of the Pt(111)
crystal showeé predominantly oxygen. After annealing at
750°C for 3 hours the oxygen.peak was reduced and a small
calcium peak observed, with also small sulphur and carbon
peaks (Figure I11.9). This appearance of calcium when anneal-
ing to decrease the éurface oxygen level was similar to that
observed on the Pt(110) face.

- A series of oxygen and hydrogen annealing treatments

for a total of 350 L and 130 L respectively at approximately
,90090 produced a stronger complex pattern similar to that
observed earlier, Figuwe—FI¥, ‘. This clearer pattern is
showﬁ in FPigure II11,10a-d. The A.E.S. spectrum obtained from
this surface showed a large oxygen peak and small carbon,
tin and calcium impurities.

This surface was then argon ion bombarded overnight
to a total of 10 pA - hrs and the crystal annealed at 1000°C
for 10 mins. The resultant ILEED pattern showed a clean
Pt(111)-(1x1) and the A.E.S. spectrum contained very low

impurity peaks. 8
( NOTE ¢ 1 L = 1 Langmuir = 10
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Beam Ep = 2.5 keV
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5117

FIGURE I111.9 Auger spectrum of a Ft(111) crystal.

Annealed after oxygen treatment.
A small calcium peak (292 eV) is present.
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a) 36V b) 60 V

¢) 677 d). 39N

FICURE 117,10 LEED patterns, Oxygen and Carbon on Pt(111).
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TIT.4.1.2 Pt(111) Crystal I1

3 s Y O S Experimental Procedure

A larger half elliptical Pt(111) crystal was cut as hefore
and polished with the following sequence of abrasives until
a highly reflective surface was obtained.

1) 600 grade emery paper 2) 8 pm alumina

3) 3 pm alumina 4) 0.3 pm alumina

5) Etched in boiling 507 aqua regia for 3 mins.

The crystal was then spot welded to 0.25 mm 4 N purity
platinum support wires and the cleaning steps 4 and 5 were
carried out two more times.,

In the vacuum system the crystal was annealed at 105000,
argon ion hombarded at ~0,75 pA for 60 ﬁours and annealed
at 1100°C for 4 hours. Turging this heating treatment
sodium (23%) potassium (39) and calcium (40) ions emitted
from the hot crystal were detected in the mass spectrometer
with the ioniser off. No emission was observed from the
hot R.F. coil with no sample heating in it. The emission
was most easily detected when the sample was biased at
+220 V ahove earth.

TIT .8 aR @ Results

Surface carbon present after this anneal was largely removed
by annealing for 2 hours at 950°C in 3 x 10~! torr of oxygen
followed by argon ion bombardment at 1 pA for 2 hours and an
anneal at 950°C for 10 mins. This resulted in low sulphur
and carbon signals and a small tin peak at 4%9 eV. The

LEED pattern was then Pt(111)-(1x1). A further oxygen/hy-

drogen cleaning sequence brought weak features of a LEED



pattern associated with oxygen (Figure III.8a). A further
short argon ion bombardment of 1/10 RA for 1 hour only par-
tially removed this pattern and left a weak Pt(111)-(J/3x{3)
R 30° (Pigure ITI.8b),

111.4.1.% Heavy Surface Oxide Growth on Pt(111)

When the crystal was annealed at 1000°C for 5 mins in 1 x 10"6
torr of oxygen the surface gave rise to a complex LEED pattern
Figure III.11a~c. The corresponding A.E.S. spectrum is shown
in Figure III.12; the carbon level is very low but sulphur
has not been entirely removed.

Lvaporation of~0.6 Cu(111) M-L of copper on this surface
caused no noticeable change in pattern, see Figure 1II.11d,e
but was clearly detected by A.E.S,.

This surface was then cleaned with the new higher
current ion gun at 4 pA for 35 mins which removed both
copper and oxygen but left small carbon and tin peaks after
annealing at 930°C for 20 mins. The LEED pattern was then
a Pt(111)-(2x2) as shown in Figure 1II.11f.

‘The surface oxide growths were very stable, remaining
after annealing in vacuum to over 100000. The structure was .
unaffected by the limited copper deposition unlike the more
transient P£(100)=(5x1) and Pt(110)-(1xn) complex patterns.
The diffraction spots may be indexed as a f.c.c.(111)-
(4j3x4f3fn/ﬁﬁif%maic f.c.c. mesh has a nearest neighbour
spacing 10% greater than the platinum spacing of 2.774 A.

Two domains exist, rotated through 14 from the substrate

mesh,
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e) ATV £) 67V

FIGURE IIT.11 LEED patterns., Pt(111) after annealing in

Oxygen., a-c) Oxygen as major contaminant,

d,e) Additional 0.6 M-I of Copper. f) After ion bombardment
Surface mesh is f.c.c.(111) (43x4J3) - see text.
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FIGUREIIL.I2 Auger spectrum from Pt(111) after heavy
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I.I_I__'_._‘i’_-_i_:_g:_ Pt (‘1 11 ) -~ Summary

1) Carbon diffused to the surface of the crystal when annealed
»700°c. Oxygen removed this surface carbon, but at tem-
peratures below 700°C when the surface carbon replacement

rate was low surface oxygen was detected by A.R.S.

2) The lowest surface impurity levels were obtained by anneal-
ing at 850-1000°C in an oxygen pressure of 1-5 x 10~ tore

for 10-200 mine. The severity of the treatment was determined
by the surface carbon level. The resultant surface oxygen

was removed by argon ion bombardment followed by an annealing
at 900-1000°C for a few minutes.

3) The cleanest surface produced, with low sulphur and carbon
levels detected by A.E.S., gave a Pt(111)-(1x1) LBED pattern.
4) Calecium was detected at the surface after annealing an
oxygen covered crystal at $900°¢.

11T,4.,2 Copper Evaporation onto Ft(111)

1AT54 2% Experimental Procedure

As it was not possible to evaporate metal onto a sample
positioned at the centre of curvature of the.lEED screen
without some danger of stray metal hitting the screen a
movable shield was installed. This could be positioned
across the front aperture of the screen during evaporation
but rotated clear during LEED and A.E.S. operations.

A series of experiments was carried out to ensure
trat a copper film could be evaporated onto the platinum
crystal and detected by A.E.S. Tre control of evaporation
at the sample crystal at the normal rate of 0.003 i-L/sec

was found to be unnecessarily fine and entailed frequent
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reloading of the source wire, To reduce the frequency of
this disruptive process the isolating valve to the evaporation
source crosstiece was removed to bring the source nearer

the sample and so increase the flux density of evaporated
metal., This modification increased the metal deposition rate
and total amount by a factor of ~5; the initial source degass-
ing and first evaporation, which had previously been carried
out with the isolation valve almost clogsed to ensure shield-
ing of the crystal, was then carried out with the sample
crystal raised and rotated out of the 'beam' from the source.

11T 4,2.2,1 LEED Patterns from Overlayers of Copper on

P£(111)

Copper was evaporated from a tungsten wire source at a rate

of 0,015 Cu(111) K-=L/sec onto the large Pt(111) crystal which
bad been cleaned by oxidation followed by argon ion bombard-
ment and annealing and allowed tc cool to room temperature,
The LBEED pattern before evaporation was a bright Pt(111)-
(1x1), shown in Figure I1I.1%a. After evaporation of 0,16
Cu(111) M-I, the pattern remained a Pt(111)=(1x1)~Cu with a g
slight increase in background (Figure II1I.13c). Further
evaporation to 0.%6 Cu(111) M=L then 0.72 Cu(111) M-L still
resulted in a Pt(111)-(1x1)-Cu, shown in Figure III.13d.

A copper deposition to a fotal of 1.1 and then 1.8 Cu(111) M-L
gave rise to a diffuse (1x1) of low intensity. The A.E.S.
spectra obtained after each evaporation showed the build up

of the copper signal with sulphur and carbon as the only

significant impurities,
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) 69 V b) 60V

Pt(111) (1x1) Pt(111) (1x1)-Cu

Clean Surface Annealed Copper Film

c) 66 d) 114 V

Pt(111) (1x1)-Cu P£t(111) (1x1)=Cu

0.16 M-~L Copper 0.72 M-1 Copper
FIGURE T1II.13 LEED patterns from Pt(111) + Copper.
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Oxygen absorption on the 1.8 Cu(111) K-L film surface
made no observed difference to the diffuse Pt(111)-(1x1)~Cu
pattern but annealing at~6509C Zor 15 8 returned to a bright
PY(111)-(1x1), Figure III.13b, while copper was still detect-
ed by A.E.S.

111.4.2.2.2  Feavy copper deposition on Pt(111)

The crystal was cleaned using the standard method (annealing
in 2 x 10”7 torr of oxygen at 1000°C for 5 -15 mins, argon
ion bombardment for ~4 PA - hr, then annealing at 1000°C for
3 - 5 ming)., The resulting LEED pattern was a sharp Pt(111)-
(1x1), shown in Figure T1I.14a, with a clean A.E.S. spectrum
showing small tin and carbon peaks, ‘This surface was covered
with copper by evaporation from the hairpin source. This was
operated at a relatively high evaporation rate of 0.1 cu(111)
M-I1/sec to an average thickness of 6N-L. The Auger spectrum,
Figure 171,15, shows carbon as the only appreciable impurity
signal in the copper. The LEED pattern, Figure 111.14b, was
a diffuse f.c.c.(111)-(1x1). To reduce the diffraction spot
spacing so that the pattern was observed to fit the LEED
screen as before evaporation the election beam energy was
increased from 64 to 69 eV, The surface mesh change was thus
(1~(64/69)%)x100% decrease. This 3.7% reduction from the
Pt(111) surface atom spacing of 2,774 £ to 2.67 & indicated
that the substrate mesh was preventing overlayer growth at
%he copper spacing at this film thickness,

The LEED pattern was unchanged by annealing at 350°¢
for 20 mins, but the diffraction spots were clearer after

anmealing at 450°¢ for 20 mins. Additional, very faint,
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a) 64V b) 69V

e) 66 V f) 66 V

FIGURE JJI.14 1EED patterns., Heavy evaporation of Copper
on Pt(111). a) Clean surface Pt(111) (1x1)

b) + 6 M-L Copper c¢,d) Annealed Copper on Pt(111)

e) Before and f) After 3.6 M-L of Copper on Pt(111) at 4%50°%
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FIGUREIII.15 Auger spectrum from 6 l-L of copper on Pt(111)
Beam Ep = 2.5 ke¥V.
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streaked diffraction features were detected on the photograph
of the pattern, After annealing the crystal at 600°¢ for
1 min the paftern was a brighter f.c.c.(111)=(1x1) with
lower background, Figure 11I.14c,d., There was some evidence
of streaks inside the first order spots (Figure I11.,14c).
The spot spacing indicated a surface mesh close to the copper
value of 2.55 A, The A.E.S. spectrum showed a reduction in
the copper signal to that due to an evaporation of 2Cu(111)
ﬁ-L and the reappearance of the platinum signal,

An evaporation of 2.0Cu(111)N-L on a cleaned crystal
surface again produced a slightly diffuse Ft(111)=(1x1)-Cu.
111.8.2.2.3 Copper_on Keated Pt(111)

An evaporation of 0.54 Cu(111) k~L onto a cleaned crystal

held at 450°C resulted in a bright Pt(111)-(1x1)-Cu, with |
véry little increase in spot size for the same beam conditions
“before and aftef.evaporation. The A.E.S. spectrum showed a
moderate copper signal with the platinum signals reduced
(e.g. Pt 151 eV reduced by ~207),

A series of evaporations at a rate of 0.03M-L/sec was
carried out onto the cleaned crystal maintained at 400°C,
The monitored layer deposition recorded using the quartz
crystal for the first evaporation was 1,8 Cu(111) N-IL., The

0 torr rose to 8x10_10

background- pressure of 2x10 during
evaporation, The crystal-was kept at 400°¢ for a further
2 mins, after evaporation, The observed LEED pattern was
a sharp f.c.c.(111)~(1x1) with a surface mesh spacing cor-
responding to Cu(111)=(1x1). '

A further evaporation of 1.8 Cu(111) K-L onto the crysfal
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annealed at 400°C also maintained the Cu(111)-(1x1) surface
mesh with an additional trace of Cu(111)-(2x2). This pattern
is shown in Figure 111.14f, The A.E.S. spectrum showed weak
platinum and large copper signals. The surface, at 40000,
was then subjected to another 1,43 Cu(111) Li-L evaporation
after which a very clear high contrast Cu(111)-(1x1) was
observed, The A.E.S. spectrum consisted of very large copper
peaks with only a very small 254,2%S, 179 and 164 eV peaks
from platinum, Carbon and sulphur levels were also very low.

An A,B.S. spectrum was taken of the back face 6f the
crystal to detect if copper_evaporated on the front face
had diffused to the backj; none was observed,

When removed from the vacuum system after no further
treatment the surface copper was etched off in high purity
nitric acid diluted to 407 which was then analysed using
atomic absorptidn methods. If all copper detected had been
etched from the front face of the Pt(111) crystal the depos-
ited copper corresponded to 5.0 Cu(111) N-L ( 9.2 x 1015

atoms cm"z).

This value was used to determine previous
monitored depositions as a direct calibration,

The A.E.S, peak eizes for the 3 major copper peake in
the range 700 - 1000 eV and the 239 eV platinum peak were
plotted as in Figure 111.16,

131 it 22,4 Ft(111) - Copper Summary

1) Evaporation of up to 2 Cu(111) N-L copper on this face
<

at room temperature caused the Pt(111)-(1x1) clean surface
pattern to deteriorate to diffuse Pt(111)-(1x1)-Cu.

2) Evaporation at an increased rate caused a more ordered
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FIGURE 111.16 Increase of Copper A.E.S. Feaks.
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overlayer to form. The reduced diffraction spot size enabled
a contraction of surface spacing from that of platinum to be
determined.

3) The surface copper formed a layer with bulk copper spacing
after annealing at up to 600°C but the copper A.,E.S5. Bignal
decreased. No clear coincidence mesh diffraction patterns
were seen,

4) Clear bulk copper epitaxial growth occurred on the crystal

when evaporation was carried out with the crystal at 400°¢,

TET 5 A Surface Study of F+(100)

Pidani 1 Pt(100) Clean Surface Structure

The first part of the study of the (100) face of platinum

was directed towards relating the appearance of the
Pt(100)=(5x1) surface structure with the presence of alkali
metals, particularly calcium, at the surface. A theory
proposed by Edmonds, NcCarroll and Pitkethly(1) links the
appearance of this pattern with these metals which diffuse
near to the surface particularly when the platinum is anneal-

(68), which reports'

ed in oxygen. The work of Grant and Haas
the only procedures by which an apparently clean platinum
A.E.S. surface spectrum has been related to a Pt(100)-(1x1)
ILEED pattern, shows the importance of oxygen treatment in
the preparation of a clean surface.

311.5.1.1 Experimental Procedure

The Pt(100) crystal 6 mm in diameter had been prepared from

a SN purity boule by Metals Research Ltd. using spark cutting
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and planing methods and supplied to B.FP.(Sunbury) where it
had been polished with diamond abrasives and used for LEED
and E.S.C.A..studies.

The crystal as received had been examined by E.S.C.A.
in a high vacuum system followed by degreasing in trichlor-
ethylene and etching in concentrated sulphuric acid. It
was supported on a platinum wire and installed in the
IEED/A.E.S. system. The residual pressure after bakeout

wasg 2 X 10-10

torr. The first A.E.S. spectra showed the
surface to be covered with carbon with some sulphur, while
the only LEED beam observed was a diffuse(0,0) spot in a
high background.

After annealing at 860°c for 15 mins to outgas the
crystal the surface carbon was found to have taken up a
graphite spacing with its characteristic modulated ring
pattern., This carbon signal was reduced but not completely
removed by a glow discharge of 70 pA for 20 mins. Calcium
“wasg also present at this stage before any oxygen treatment
in the system and without an oxygen A.E.S. peak above noise,

The crystal was then clezned by annealing in oxygen
initially with the ion pump partially throttled but this
method éllowed excessive build-up of carbon monoxide and
left a surface with a mixture of LEED patterns including
a faint graphite ring (Figure III.17a). After annealing in
oxygen at a lower total pressure but higher purity with no
;affle on the ion pump (5 x 10”7 torr of oxygen at 850°¢
for 4 hrs.) the LEED pattern (Figure III.17b) was again a
poor ?t(100)-(2J§x2)R45° but the graphite ring was not ob-
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e) 44V £} 657V

FIGURE I11.17 LEED Patterns from a Pt(100) surface during
cleaning treatments. a,b) Major impurity Carbon.

c,d) Major impurity Cxygen. e) Surface Carbon after annealing
in vacuum only after acid etching.
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served., The diffuse spots in the (n/5, 0) positions (n is
an integer) characteristic of the Pt(100)-(5x1) had become
clearer,

A prolonged anneal at 800°C for 5 hrs. in 5 x 1077 torr
of oxygen gave rise to the ring LEED pattern of Figure III.
17c,d. BHowever, the A.E.S. spectrum taken of thie surface
showed very large oxygen and emall carbon peaks. The calcium
level was then very low,

After annealing the crystal in 3 x 10_7 torr of hydrogen
for 30 mins. at 920°C the oxygen peak was greatly reduced
to about 1/5 of its previous size and the calcium peak
approximately doubled but was still small,

The crystal was removed from the system and etched in
cold concentrated, spectroscopically pure sulphﬁric acid
for 3 hours before installing in the system again and pump-
ing down, The surface was heavily contaminated with carbon
which ordered to a strongly modulated graphite ring after
annealing at 1000°C for 40 mins, - Figure II1.17e,

The surface was cleaned sufficiently to allow a F+t(100)~
(5x1) pattern to be observed by the following process: :
1) Annealed for 2 hours at 1000°C in 5 x 1078 torr of oxygen
2) " " 30 mins " " " 2 x 10”7 torr of hydrogen
%) " " 30 mins " » " 4 x 1072 vacuum
4) Argon ion bombarded at 0.7 pA and 560 eV for 1 hour
5) Annealed for 20 mins at 800°C
i The A.E.S. spectrum of the surface resulting from this

cleaning procedure is shown in Figure 11I.18. There are no

large signals from impurities. However, the pattern deter-

.
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FIGURE [IT.I8 Jow impurity levels on Pt(100).

161



iorated after several houre in a poor vacuum to give a
Pt(100)-(/2xJ2)R45°. (Pigure III.19a).

After the crystal had been again removed and etched
in dilute boiling, then cold concentrated spectroscopic
purity sulphuric acid the cleaning process on reinstalling
quickly brought back a surface with Pt(100)-(5x1) features,
Two cycles of argon ion bombardment at 1 pb for a total
of 100 mins with annealing at 1000°C for 2 mins after each
cycle resulted in a Ft(100)-(5x1) LEED pattern (Figure III.
19b). The A.E.S. spectrum showed no calcium but small
carbon and sulphur peaks. When subsequently annealed at
105000, the crystal emitted potassium ions strongly into
the mass spectrometer. The poor resolution of the A.E.S.
analyser made the potassium 252 eV peak indistinguishable
from the platinum 251 eV peak while both were affected by
the presence of carbon with its 273 eV peak, After a total
of 20 mins. at 1050°C the carbon and sulphur levels were
found to have increased and the LEED patterns modified to
Pt(100)~-(5x1) + streaked (2x2) + modulated graphite ring
(Figure I1I.19c,d).

The crystal was then annealed in oxygen then hydrogen
and argon ion bombarded followed by a second oxygen/hydrogen
treatment at 1050°C with gas pressure of 5 x 107" torr for
1% hours. The resulting carbon A.E.S. signal was hidden in
fhe normal noise and the calcium signal was low. However a
Pt(100)-(5x%1) pattern was again observed.

The crystal was again etched in boiling 50% aqua regia
for 10 mins then co0ld high purity sulphuric acid for 20 mins
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FIGURE I111.19

LEED Patterns from Pt(100) during

cleaning.
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and washed in distilled water. After installation and
bakeout in the system the crystal was found to have large
carbon and sulphur A,E.S. peaks., When the crystal was
annealed at 1050°C the ion emission to the mass spectrometer
was found to be predominately potassium(X') but sodium(wat),
ini%jally a moderate peak reduced after~100 s, A small
calcium(Ca®) peak was also observed.

After argon ion bombardment for a total of 10 pA - hrs
the crystal was annealed at 1050°C for 4 mins. The ion
emission was again high potassium and low sodium and calcium,
The LEED pattern from the crystal when it had cooled to
room temperature, shown in Figure I11I1.19f, was a Pt(100)-(5x1)
with a weak graphite ring but with unclear splitting of the
(0, n/5) spots. The A,E.S. spectrum of the range 340 ~ 220 eV
is shown in Figure 111.20; no calcium was detected.

The crystal was then énnealed at 505000 N %x 10_8
torr of oxygen for 20 ﬁins and the LEED and Auger results
obtained. The LEED pattérn, Figure 11I.19e, showed a Ft(100)-
(5x1) as in Figure III.19f but with an additional Pt(100)-
(2x2) pattern, From the A.E.S. spectrum the additional
pattern appeared to be due to sﬁrface sulphur,

The appearance of surface caicium'was again observed
by A.E.S. on the crystal when it was annealed at 900°C in
oxygen at a pressure of 4-x 10°° tore. Tor 1 K then annesled
at 900°C in vacuum of less than 1 x 1072 torr for 5 mins.

Ehe LEED pattern was a poor Pt(100)-(1x1).
A separate vacuum system was set up to enable the high

temperature/argon ion bombardment cleaning method used by
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FIGURE JIT.20 Auger spectrum from Pt(100) crystal which
shows the Pt(100)-(5x1) LESD pattern,




Grant and Haas(ﬁa) to be tried. A metal chamber with an
observation window could be pumped by a 4" o0il diffusion
pump through double chevron baffles cooled by water and

8 torr

liguid nitrogen. The ultimate pressure of 1 x 10~
was obtained after a 120°C bake, The TYt(100) crystal wae
clippred to a 0,25 mm platinum foil strip which was mounted
between two terminals cof a high current feedthrough and a
stainless steel probe wire from the third terminal positioned
5 mm from the crystal front face., This unit was installed

in the system and baked to give a pressure on cooling of

1.x 10~° torr when the pump was throttled and B.0.C. grade

X argon admitted via a leak valve. With 300 V maintained
between the probe and the crystal the argon pressure was
allowed to rise until a glow discharge struck between them.
The voltage and pressure were adjusted to give a well lo-
calised stable discharge near the crystal (crystal at -200 V
with respect to the probe). The crystal was then heated to
1000°C as determined by an optical pyrometer and maintained
in the 2.4 mA glow discharge current for 2 hours.

The crystal was then reinstalled in the LEED/A.E.S.
system with no further etching. ﬁfter baking, the crystal
was argon ion bonbarded for 17 pA - hrs followed by annealing
at 900°C for 10 mins whilst pumping down in a vacuum with
predominantly residual argon.

The LEED pattern observed after this treatment was a

th(100)—(5x1) and a graphite ring. The cleaning process

had not removed all carbon as reported by Grant and Haas,

This was thought to be due to carbon contamination of the
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main and gas manifold vacuum systems. After further baking

of these components the crystal was again argon ion bombarded
for 12 pA - hrs., The resultant diffuse Pt(100)-(1x1) returned
to a Pt(100)-(5%x1) with a graphite ring on annealing for

250 s at 90000. The A.E.S. spectrum, which was considerably
improved in sensitivity after modifications to the system,
showed a moderately large carbon peak.

Almost all of the surface carbon was removed by annealing
the crystal for 30 mins in § x 10™7 torr of oxygen at 900°C
but a large oxygen peak and small sulphur peaks were then
observed on the A,E.S, spectrum. No calcium was visible
after this treatment. The oxygen and sulphur were easily
removed by a short argon ion bombardment (0.2‘pA - hr) with-
out bringing calcium to the surface but some surface carbon
was then found.

It was obvious that an argon ion gun with high ion
current and low contamination used after a heavy oxygen
treatment would result in the cleanest surfaces on platinum,

SET 5102 Pt(100) - Summary of Results

1) The crystal as received was very heavily contaminated by .
carbon. Extensive cleaning cycles were required to reduce
the surface carhon.

2) The crystal, showing no surface carbon before removal from
the vacuum system was found to be heavily contaminated on
 reinstallation. This is contrary to the experience of Grant

and Haas(es)

and indicated a higher level of system impurities,
A higher pumping speed capability for carbon monoxide was

required., (Titanium sublimation pumping).
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%) After etching in high purity acids the Pt(100)-(5x1)
pattern could be observed with no oxygen treatment. No
calecium was then detected by A.E.S.

4) The surface structure after argon ion bombardment was

a diffuse Pt(100)-(1x1). The Pt(100);(5x1) developed after
annealing treatment.

The presence of calcium at the surface, as detected by
A.E.S., was not related to the appearance of the Ft(100)~-
(5x1) diffraction pattern,

Surface calcium was detected after annealing following
recent oxygen treatment.

Potassium and sodium, emitted as ions at high tem-
peratures and observed by mass spectrometry were difficult
to detect by A.E.S. at 300°¢. Pt(100)-(5x1) occurred
both when little contamination was detected by A.E.S. and,
less clearly, when high levels of sulphur and carbon were
present.

The emission of alkali metal ions from the heated crystal
 was qualitatively unaffected by surface cleaning.

IIL 552, Evaporation of Copper on Pt(100) :

This work was divided into two sections; a) the LEED study

of the growth of copper evaporated onto Pt(100) and the

limits of pseudomorphic growth b) the A.E.S. response to
increasing deposition of evaporated copper. 1t was found

that the two approaches were not independent. The experiments
which showed that the Auger response depended on the surface
structure detected by LEED are also described.

The errors of surface mesh determination using LEED
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depended on the reproducibility of crystal positioning in

the system. To overcome this source of error when determining
the limits of pseudomorphism of copper growth on Pt(100) a
method of evaporating over only half of the crystal face was
used. The pattern from the overlayer could be compared with
that of the clean surface by a very short vertical shift of
the crystal using the manipulator.,

Prior to inserting the crystal into the vacuum system
the crystal face was made perpendicular to the plane of the
LEED electron gun. This was achieved by supporting the
crystal manipulator with the axis of rotation vertical., A
reference mark was then positioned in a bench clamp at a
distance of 3 m from the manipul&tof so that it was on the
sight line taken across the mating face of the manipulator
flange., A small bright light source was then supported
vertically above the reference mark at the same separation
from it as the crystal/flange distance. The crystal support
wires were then tweaked until the reflection of the light
source in the crystal face was centred adjacent to the light
source, This position was checked for minimal precession of .
the crystal face about the rotation axis. When installed a
vertical movement of the manipulator caused no change in the
position of the source of diffracted beams relative to the
‘fluorescent screen.

The crystal was cleaned using the standard method of
oxygen annealing, argon ion bombardrent and vacuum annealing,
Several cycles of this treatment were needed to clean the

crystal after installation in the vacuum system, Subseguent-
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ly, the oxygen treatment was omitted if very little carbon
was observed by A.E.S. and just argon ion bombardment follow-
ed quickly by a short anneal at ~1000°C was used. The system
residual pressure with the LEED or A.E.S. guns operating

=0 I ime an Tade vose te 1 21072 tore during

was 2 x 10
operation of the wire copper evaporation source. The normal
evaporation rate from this source was maintained at 0,02
Cu(100) M-IL/sec.

The LEED Qatterns and A.E.S5. spectra from a series of
deposited films and adjacent clean surfaces were obtained
in the range 6.1 to 5.0 Cu(100) K~L, The maximum quantity wase
limited by the capacity of the wire source.

For all depositions in this range on a ¥t(100) surface
at room temperature the cleaned surface Pt(100)-(5x1) pattern
was altered to a Ft(100)-(1x1), the normal primitive f.c.c,
(100) surface pattern., Examples are shown in Figure 111.27a,b
corresponding to 1.0 and 0.25 Cu(100) K-L respectively.
Figure 111,22 shows two pairs of LEED patterns from adjacent
areas on the substrate. Surface mesh spacings were determined
by superimposing the negatives of such pairs of photographs.
Any deviation from identical spacing was noted.

When a series of evaporzationes had been made over the
entire face of the crystal it was removed and etched and
the surface coverage of copper determined by Atomic Absorp-
tion., By this method the copper deposition was found to
be 0.36 of that determined by the initial calibration and
calculation assuming poinf source emission from the wire

source.
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For all evaporation within the capacity of the source
i.e. up to~5 Cu(100) K-L the surface mesh determined by
ILEED was a Pt(100)—(1x1)-Cu. When evaporation was carried
out in stages with long delays between evaporations of hours
or overnight a faint Pt(?OO)—(fEﬁf?)RdSO was observed.,

1Y 5.2y Bxperiment Showing Importance of LEED Fattern

&=
in Quanitative A.E.S,

.An experiment was carried out in which copper was evaporated
onto a dirty Pt(100) surface. After insertion into the systen
the surface had been annealed at 1000°C in oxygen at 2 x 10“7
torr for 15 mins., but thies was insufficient to fully clean
the surface. The A.E.S. spectrum showed impurities with
small peake due to oxygen, tin and calcium and a moderate
sulphur peak. The ILEED pattern was a clear Pt(100)-(2x2)-8
and is shown in Figure I1I1I.23 (spark marks are due to static
on film).

Copper was then evaporated onto the crystal in 3 stages
to bring the total coverage as determined subsequently by
Atomic Absorption to 7.5 Cu(100) M-L., After the first cover-
age of 1.8 Cu(100) K-L the LEED pattern was a Pt(100)-(1x1)
(Figure III.23b), while the A.E.S. showed the same impurities-
in addition to copper and platinum, A second deposition
of 2.0 Cu(100) N-L on top of this surface resulted in a
Pt(100)-(1x1) with a fainter Ft(100)-(2x2) LEED patterns
(Figure 11I.23%3c). A final deposition to give a total film
thickness of 7.5 Cu(100) K-L gave a surface mesh with a
diffuse LEED pattern of Pt(100)-(1x1), Figure I1II.23%d. The

A.B.S. spectrum was taken for this surface and the series
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showing the build up of copper peaks plotted as in Figure I11.
24. However the spectrum taken under identical gun and an-
alyser conditions with the sample unmoved, 16 hours later,
showed much larger copper peaks. The corresponding LEsD
pattern was found to have reverted to a bright It(100)-(2x2),
Figure III.2%e,f, at the same spacing as the original (2x2).
The crystal was then removed to obtain the calibration of
film thickness by Atomic Absorption,

ITIL 5. 2.2 Quantitative A.E.S. of Copper on Pt(100)

Uncertainties in previous recults were reduced by the follow-
ing methods:-
a) Use of a high capacity copper source.

The can source could be loaded with sufficient copper
to complete a calibration up to at least 12 Cu(100) N-L.
This enabled a cleaner vacuum system to be maintained and
thg.Auger snectrometer system operated without the dierupt-
'iﬁe process of dismantling for bake-out.
b) Forward direction evaporation monitoring and calibration,

Errors associated with forward evaporation and monitoring
behind the source with use of the inverse square relationship
for film thickness at a distance were removed by positioning
the monitoring auartz crystal slightly off the line to the
target. The frequency shift of this crystal was calibrated
against copper deposition on a platinum foil at the same
position as the crystal in the LEED/A.E.S. systenm.
¢) Crystal surface roughness effects.

The axis of the port used for the glancing incidence

A.E.S. gun was measured using a light beam (He/Ne laser)
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and found to intersect a crystal face, which was normal to
the LEED grid axis, at an angle of 12°, This low angle made
the A.E.S. sﬁectra highly dependent on surface roughness,
Méximum response to copper films by this system was found to
occur at an incident electron beam angle of between 15-20°
(Figure 111.25), For this gquantitative work the angle was
standardised at 20°, When determining the angle of the
glancing incidence A.E.S. gun pé% the point where the light
beam, passing down the port axis and through the centre of
curvature of the LEED grids and screen,intersected the R-F
coil just beyond the crystal was noted.

For A.E.S. work this crystal was raised above the screen
centre of curvature and thre glancing incidence electron heam
moved, usjng the gun X and Y deflection plates, until the
light spot where the beam hit a surface was moved to the
position on the R-F coil which indicated that the beam was
passing through the centre of curvature of the screen, The
crystal was then moved down and across until it uniformly
obscured the LEED electron gun snout when viewed through
the centre point of the viewing window. The final position-
ing in the third direction was made by moving the crystal
to or from the screen until the two positions were found at
?hich the illumination of the screen ceased as the beam
passed off the crystal at either side. The crystal was then
returned to the midpoint of these two positions.

The angle of incidence was then set by rotating the
crystal from a position of very low angle of incidence to

higher angle until the Kikuchi type channelling patterns
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observed on the screen became symmetrical about the screen.
This position had been determined as an angle of incidence
of 12°, The calibrated manipulator head reading was noted
aﬁd the rotation continued a further 8% to give a total
angle of 20", By always rotating anticlockwise from low
to high angle of incidence prior to A.E.S. the backlash of
the manipulator was avoided.

d) Standardisation of Auger Spectrometer,

The electron gun was operated uﬁder constant conditions
with a beam energy of 2.5 KeV, focussing electrode at -620 V
relative to earth and filament can at filament potential,

The beam current was maintained constant by running the
filament at a current adjusted to give an emission to the
can of 0.94 mA; this gave a beam current to the crystal of
GO‘yA when the crystal was biased to +470 V to collect most
secondary electrons.

The A.E.S. analyser was set up according to the manufac-
turer's instructions to standardise the input to the phase
sensitive amplifier., The standard reference frequency to
the amplifier was taken as 23%66 Hz and was checked with a F
RACAL freaquency mefer before each set of spectra. 1t was
found to be within ¥ 1 Hz except on occasions when a faulty
switch caused a shift of >20 Hz. This frequency was near to
the design frequency of 2375 Hz but did not give rise to mains
pick up interference. The circuit which had been designed by
the manufacturers to maintain a potential of 4250 V on the
fluorescent screen/collector had been found to drop to below

100 V on load i.e. when a secondary electron current was
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collected to allow loss of Auger electron current by second-
ary emission from the screen, This was modified to maintain
at least 4200 V on the screen, This improvement is discussed
in section 11.2.4.

The phase sensitive amplifier was set to 10_10 amps
f.s.d. and operated with a 1.8 s time constant (Bandwidth 1).
The ramp generator was set to give 0.75 V/sec scan rate over
two ranges from 1000 V to 500 V and 540 V to 40 V,

The X~Y recorder was matched to the output from the
amplifier so that a full scale excursion in each direction,

i85 2% 10719

amps, filled the recorder papcr (180 mm) in
the Y direction,
e) Film contamination during deposition,

| The can source required considerably more heat diss-
ipation during évaporatioqﬁue to its larger size than the
hairpin wire source and gave rise to more gas during evap-
oration, Evapo?ation from a newly loaded source caused the
system pressufe to rise to 2 x 107/ torr but prolonged
-outgassing at a power just below that required to give
appreciable evaporation reduced outgassing during subsequent
evaporations to give a system pressure of {1 x 10“8 torr. -
The evaporation rate from this source was high, 0,1 to 1.0
Cu(100) M=L/sec, and so produced high purity films despite

the- poor pressure.

34%.9,.2 .21 Stability of A.E.S. spectra; instrument errors.

The guantitative use of A,8.S, required adequate stability
of the system when analysing a surface of unchanging compo-

sition. The Auger current at an electron energy was taken
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as proportional to the peak to peak excursion of the differ-
ential energy distribution when operating under standardised
conditions., The conditions used in this work are detailed
in section III.5.2.2.

The parameters which were most subject to variation in
the system irrespective of the surface studied are listed
here:

1) Beam current. The Auger signal is directly proportional
to the incident electron beam current. For the filament

used for the work described here the emission to the filament
can was kept constant at 0,94 mA., Except under conditions

of severe poisoning of the filament the emission to a sample
biased at +470 V was then 60‘pA z 1 PA.

2) Beam angle of incidence. The beam angle of incidence

was set at 20° 1 1° by the method described in section 111,
5.2.2. From the response curve of Figure 111.25 the associat~
ed error for the copper and platinum peaks shown was a range
of 3% of peak height.

%) Retarding Field Analyser. The resolution and transmission
of the grid system were dependent on the trajectory of the 4
electrons through it. Deviations caused by spurious electro-
static and magnetic fields were kept constant by operating
with all electrodes at éonstant potentials for each spectrum
and ion gauges and guns earthed., . The trimming magnet, which
had been used to move the electron beam onto the crystal, was
found to vary the resolution and transmission. A fixed
position was found giving least magnetic degradation and all

further beam movements made using the gun X-Y scanning plates.
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4) Amplifier response, The amplifier response was found to
be constént within 2, using the internal standard unless the
system was seriously disturbed mechanically. This standard-
isation was described by the manufacturers.

5) Beam energy. The beam energy was maintained at 2.5 keV for
maximum excitation of the higher energy copper peaks.

6) Grid modulating voltage. Each Auger peak was normally
oﬁtained at a standard modulation voltage giving maximum
signal to noise ratio with sufficient resolution. The dial
mark value is shown on all spectra but is related to true
modulation voltage in Figure I1I1.26. The dial setting could
be reproduced to a 2% level of modulation,

7) Chart recorder display. The spectra were recorded with a
Y-channel accuracy of 2%,

111.5.2:2.2 Errors leasured Experimentally

4 samples were tested for experimental repeatability. The
first two were thought to be stable in U.,H.V. for several
days. - | |

1) Clean platinum, A cleaned Pt(100) crystal was analysed
using the A.E.S. system in the standard mode, The Pt 239 eV
peak was found to be stable within 57 over a period of 3
days. The apparently large 152 and 254 eV peaks were not
taken as a measure of repeatability as they were subject to
sulphur 150 eV and carbon 273 eV peak interference.

2) Low coverage copper (~2 li-L) evaporated onto a room
temperature Pt(100) crystal. This was also stable within
5% over 3 days for the 3 low resolution high energy copper
peaks and the substrate Pt 239 eV peak,
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%) Bieh coverage copper evaporated onto a Ft(100) crystal
which was maintained at 400°C. This was stable to within
8% over 20 hours. This additional variation was thought
tobbe due to loss of copper from the surface under the in-
fluence of the Auger electron beam.,

4) Copper coverage (>3 l-L) evaporated onto a room temperature
crystal. In this case the Auger response varied widely.
This was investigated further and is described in section
1XI:5:2.4,

» 3L 094220 D Results of Quantitative A.E.S5. Copper on
Pt(100)

An initial series of evaporations from the can source wa s
carried out on the cleaned Ft(100) crystal which was at

room temperature during evaporation and raised to 300°¢ by
the A.E.S. electron beam for each spectrum. The results

“are shown in Figure II11.27 as plots of the peak to peak
amplitude of the differential of the Auger electron energy
distribution of the 3 major copper features obhserved in the
nermal 1ow.resolution mode of the analyser. The decrease

of the Pt(239 eV) peak wgs also plotted. Further points 4
were added from later evaporations measured under the stan-
dard conditions prior to the gas adsorption studies, This
graph does not include measurements from spectra obtained
after annealing the crystal above 350°C or where surface
impurities were found to be present. The anomalous A.E,S.
result described in section 11I.5.2.1 was found to be qua-
litatively repeatable in copper films of over 2.5 Cu(100) M-L,

Where no major impurity was present the A.E.S. spectra were
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repeatable within Y54 after 2 hours in the A.E.S. electron
heam or after being left in vacuum overnijyght. However,
where impurities of oxygen or sulphur were present at the
surface, the spectra moved considerably from this calibration
to give larger copper peaks,

The LEED patterns from the surfaces uced for the cal-
ibration were sharp Pt(100)-(1x1) for coverages to~3% Cu(100)
M-I when diffuse f.c.c.(100)-(1x1) with faint f.c.c.(100)-
(f?xi?)ﬁ45° patterns were formed. Ordering to a sharp
Pt(100)-(W2x/2)R45° or a Ft(100)-(2x2) was associated with
surface impurities and anomalous A.E.S. response,

) P A, Annealing Copper Overlavers on Pt(100)

Several copper surface films were treated by annealing in

the range 400° - 600°C vefore obtaining an A.E.S. spectrum.
These spectra showed lower copper peak sizes from those
expected for the initial copper deposition quantity (Figure
I11.27). I1f the effect of annealing was to reduce the surface
copper in an exactly reversed manner to the growth mechanism
during deposition then Figure III.27 could be used as a
calibration graph for surface copper cencentration. In A
Figure I111.28 the lines from Figure 11XI.27 are shown with
various experiméntal points of copper and platinum A.E.S.
peak sizes from annealed surfaces., The points are placed
arbitrarily in the copper thickness direction so that the
copper peak sizes lie on the calibration lines for copper.
This positioning allows the platinum peak size points to lie
off the platinum calibration line, This failure of peak

sizes from annealed surfaces to matech those from cold
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deposited surfaces indicates a different copper surface
structure., These results are discussed furtherin section

IV.5.3I

IIT:9:2.4 Anomalous A.E.S. Response to Copper on Pt(100)

As has been described earlier the A.2.5. response to thin

(€3 M-L) films of copper on the Pt(100) crystal was repeatable
to iﬁﬂ on leaving in vacuum for many hours. For thicker

films the response was only stable with time when no'signif-
icant impurities were present. The maximum change in response,
an increase in copper high energy and 107 eV peaks of 53%,

wag found on the 6.5 l-L copper deposition on an oxygen and
sulphur contaminated Pt(100) surface exhibiting a It (100)-
(2x2). The increase in response which occurred after leaving

0 torr) overnight at 20°C was

the sample in vacuum (£3 x 10~
accompanied by a change in the LEED pattern from.,a diffuse
Pt(100)=(1x1 ) to a sharp Pt(100)-(2x2).

The importance of oxygen in this process was confirmed
in an experiment in which a 9.3 li-L copper film evaporated
onto a cleaned Pt(100) surface was treated with oxygen at

8

b 10~ tore to give an exposure of 70L, A pair of standard

conditions A.E.S., spectra was takén before and after this .
treatment and only showed the appearance of the oxygen peak, .
The sample. was then left overnight at 20°C after which the
A.E.S. spectrum was recorded without the crystal being moved
and with the electron beam suppressed until the scan ap-
proached the copper peak energy position to limit sample

temperature rise to <80°c. The copper peaks were then found

to be increased by 23% from the initial spectrum. The LEED
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pattern from the surface before oxygen exposure was a diffuse
Pt(100)~-(1x1) which changed to a diffuse Pt(100)-(J/2xJ2)R45°,
Figure 11I,29c, after the oxygen treatment. When left, the
pattern changed to a slightly sharper t(100)-(2x2) cor-
responding to the increased A.E.S. copper signal.

Further prolonged annealing at 30000 by the electron
beam for many hours caused a slow decrease in the copper
A.E.&; signal levels until they were below the original
level after 6 hours, The LEED pattern strengthened to a
clear Pt(100)=-(2x2). A very small A.E.S. sulphur peak was
present throughout the treatments.

A 3,2 M-L film of copper deposited in an atmosphere of
T 10_7 torr of oxygen showed the same instability of A.E.S.
response with time. The initial deposition gave A.E.S.
copper peaks on the calibration lines of Figure II1.27 and
a diffuse Ft(100)-(J2xJ13) with intensity greatest around
the Pt(100)-(JZxJ2)R45° spot positions. The A.E.S. copper
peaks were found to have increased by 11% after leaving for
5 hours and the LEED pattern was found to have changed to a
Pt(100)-(/ZxJ2)R45°.

Films of 8.5 N-L and 4.5 K-L were also found to give
anomalously high A.E.S. copper signals; both were associated
with oxygeh and sulphur jimpurities,
311:9.2:5 Evaporation of Copper onto ¥t(100) in Cxygen

An evaporation of copper was made from the can source onto
the crystal at a rate of 1 Cu(100) N-L/min. to a total of
3,2 Cu(100) N-L in an oxygen pressure of 1 x 10~ torr. The

LEED from the resulting surface, shown ‘in Figure 11I1.30a,
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a) 48V b) 55V
£(100) (j‘kj")- 45°-Cu Pt(100) (/2x/2)R4!

_ : _ =
9 M-L of Copper deposited on Pt(100) at 450

c) 347V d) 29V
Pt(100) (J2x/2)R45° Pt (100) (2x2)-Cu

Oxygen on 9,3 M-L of Copper on Pt(100).

FIGURE IIT,29
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a) 60V b) 45 V
3 M-L Copper films evaporated onto Pt(100) in Oxygen at :-

I 10_7 torr 1 x 107° torr

¢) 60.V d) 81V
LEED patterns after annealing crystal at :-
300°¢ 700°%

FIGURE 1II.30
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was a diffuse pattern based on a Pt(100)-(/2x 2)R45°, When
annealed at 30000 for 2 periods of % hour while A.E.S. was
carried out separated by 4 hours in vacuum at 20°¢ the
structure changed to a clear Pt(100)-(2x2) while the A.E.S.
showed a small sulphur peak.

Deposition of a similar thicknesg film on a cleaned
Pt(100) surface at a pressure of 1 x 10_6 torr gave a similar
pattérn, Pigure I1I1,.%0b, with diffuse intensity around the
fractional érder spots of a Pt(100)-({§x§§)ﬂ450. Again,
this pattern reverted to a true Pt(100)-(J/2x42)R45° (Figure
I111.30c) on annealing at 300°C for 30 mins. while obtaining
an A.E.5. spectrum., Further annealing to 700°¢ for 1 min.
gave a Pt(100)-(2x2). (Figure III.304)

T151.5,2.6 The Bffect of Copper Film Thickness on A.E.S,

Spectra Shape

A possible explanation of the variable A.E.S, -peak sizes
observed from copper overlayer films of 3-12 N-L on ¥t(100)
was a variaﬁion in the fine structure of the copper Auger
spectrum with the presence of impurities. The changes in
this structure could not be detected in the normal low .
resolution mode (~21% resolution) but by using the higher
resolution method (3 V resolution =.33%% at 916 eV) some detail
could be observed. In Figure I111.31 the high resolution
spectra of copper deposited in i%reasingly thick layers on
Pt(100) are recorded under identical operating conditions.
The copper coverages ;ere determined by running the low

resolution spectra of the same surfaces and using the

calibration curve of Figure I111.27. A G.E.C. quartz crystal
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was used to monitor the rate of deposition,

ETLe5: 2.7 Effect of Impurities on A,E.S. Spectra Shape

The high resolution mode of A,E.S. was used to determine

if the presence of impurities in the copper overlayer film
affected the copper peak shapes. In Figure 111,32 the
spectrum from a sulphur covered copper overlayer exhibiting
a Pt(100)~-(2x2)-Cu/S may be compared with that from a clean
copper overlayer surface exhibiting a Ft(100)-(1x1)-Cu.

A similar comparison to the clean copper overlayer
surface was made with copper films evaporated in a high
pressure of oxygen so that a large oxygen peak was also
observed,

No significant changes in peak shapes or relative sizes
were ohserved between these cases or peak position shifts
beyond the intrinsic error of repeatability of 11 ev,

111543 The Evaporation of Gold onto Pt(100)

A short series of experiments was carried out on the prop-
erties of althin gold overlayer on platinum, Both metals
exhibit the anomalous (100)-(5x1) type pattern on their

(100) faces. Although the patterns are not identical it s
is probahle that they are caused by a similar effect in

each metal,

TII. 6. 5.1 Bxperimental Procedure

The gold‘was evaporated from a tungsten wire 'hairpin'
source at a rate of ~1 Au(jOO) M-1/min and monitored with

a G.E.C. 9.43055 MHz crystal in the forward direction i.e,
10° from the source-crystal direction. The wire was screen-

ed so that evaporation to the crystal occurred only from
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Auger Spectra from similar thickness
( 2.5 M-L) Copper films on Pt(100)
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the bottom 1.5 mm at the tip of the 'hairpin', The cal-
ibration was taken to be that obtained for copper with a

correction for difference in mass:

Gold deposition flux = Copper Calibrated Flux x Copper Density

Gold Density
Evaporation was arranged so that the crystal could be
partially shielded behind the R~F coil to enable easier
comparisons hetween the LEED patterns from a clean Pt(100)
and various gold overlayers to be made. The pressure did
not exceed 2 x 10-9 torr during evaporation, with éarbon
monoxide as the major gas component.

. A.E.5, spectra were obtained with a 3 V resolution by
operating the spectrometer so that the grids only detected
130 eV electrons while the range of possible energies above
this value was scanned with a varying positive potential
on the crystal,

117.5.%.2  Results - Gold on Pt(100)

a) 0.28 Au(100) k-L, The LEED pattern showed a sharp Pt(100)
-(1x1) with diffuse Pt(100)-(J2xJ/2)R45°. The uncovered part _
of the crystal retained the cleaned surface Tt(100)-(5x1)
pattern. The two A.E.S. spectra taken under identical
conditions with only a small vertical shift of the crystal

to transfer from the clean to the covered surface showed no
change in peak positions but the peaks from the gold covered
arca were 10-20Z lower.

b) 0.76 Au(100C) M-I, With additional gold added to bring

the total coverage to 0.76 M-L at the Au(100) spacing, the
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LEED pattern was found to be a more diffuse FPt(100)-(1x1)
with weak Pt(100)-(/2x[2)R45°. Figure III.33a-d showsthe
clean surface LEED pattern, the pattern with the incident
beam at the boundary of the overlayer, and the patterns

from the gold covered surface at two beam energies. The
A.E.S. spectrum of the gold covered area showed slight
upward shifts of the positions of several of the platinum
peaks as the gold signal appeared, '

.c) 1.8 Au(100) ¥-L. Gold was added to give a total of

1.8 M=L, The LEED pattern was then a Pt(100)-(1x1) and is
shown in Figure Il1I.3%e,f. The change in surface mesh
associated with the surface taking the gold spacing could
not be detected as the shift would be similar to the spot
size, The A.E.S5. spectra on and off the overlayer were
dissimilar particularly in the range 140-180 eV, The peaks
recorded from the gold 1.8 monolayer cover at 392 and 356 eV
were ~ 505 of those of similar energy from the clean platinum,

The cr&stal wae cleaned and a series of heavier evap-
orations carried out.

A single evaporation of 1,7 Au(10C) M-1L again gave a
surface with a (1x1) LEED pattern adjacent to the cleaned
surface Pt(100)-(5x1). After an evaporation to 4.7 Au(100)
li-L the LEED pattern from the gold surface was found to
have developed an Au(100)-(nx1) pattern similar to Pt(100)-
(5%x1). This pattern is shown in Figure I1I.3%4a,b,d; III.34c
shows the Ft(100)-(5x1) remaining on the uncovered part of
the crystal, The clarity of the spots increased slightly
(Figure 1II.3%4e) after an A,E.S, spectrum had been taken of
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FIGURE I1I.3%4 LEED patte
c) Pt(100) (5x1)

a,b,d) A 4.7 M-I

e) After annealing at 300°C f) 6.2 NM-L of Gold on Pt(100),



the surface which caused the crystal to be annealed for
30 mins. Tre spots were indexed as an Au(100)-(7x1).

Evaporafion of gold to a 6.2 Au(100) M-I film gave
an Au(100)-(nx1) based on an Au(100)-(7x1) with high inten-
sity at (0,3/7), (0,5/7), (0,1) positions, This pattern
is shown in Figure 11I1.34f and III.3%5a.

On annealing this crystal at 450°C for 5 mins. the
pattern was found to have changed to the lower coverage
~(7x1) pattern, Figure III.35b.

After annealing at 530°¢ for 5 mins. the pattern modified
further as shown in Figure I1l1.%%c. This remained at 61000;
Figures J11.36 a and b compare the gold and platinum surfaces.

After annealing at 70000 the pattern reverted to (1x1)
but showed diffuse intensity around the (},%) positions at
low beam voltages - Figure II1.35d. The Pt(100)-(1x1) was
obeerved up to 900°¢ (Figure I11.3%8c,d).

The surface pattern reverted to a Pt(100)-(5x1) on both.
areas of the crystal after énnealing the crystal at 1000°¢
for 10 mins.

The A.E.S5. spectra of the clean surface, +1.7 N-L and
+4.7 M-L are shown in Figure I1I.37.

For these thin gold films measured at a low resolution
the appearance of ﬂéw A.E.S. peaks adjacent to the platinum
pegks was not clearly resolved. The heights of most platinum
peaks dropped as the gold peaks increased with increasing
thickness of the gold film., TFigure IIX.37 was obtained
using the higher resolution biased crystal method to show

the similar shape of the gold spectrum to that of platinum,
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Auger Spectra showing Au peaks

replacing those from the Pt(100) substraye,

a) Clean Pt(100)
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b) 1.7 ¥-L film of Au.
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e) 4,7 M=L film of Au.

FIGURE 117.37
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111.6 The Absorpticn of Simple Gases on Surfaces of Filus

The structures determined for the growth of copper or gold
on the platinum indicated that the geometries of the films
were characteristic neither of substrate nor the film material
in its bulk arrangement, This condition is normal in most
alloy systems where the admixture of components at the surface
is variable over extensive limits., In this system of con-
compositions were
trolled deposition the changes in adsorption structures and)

tested with simple gases.
Wi W T Addition of Oxygen

1106 .10 Cleaned Pt (100)

Although large oxygen A.,E.S, peaks had been observed from
the crystal after cleaning treatments of »>2 x 10_7 torr in
oxygen at 100000, no oxyéen peaks developed during less
severe exposures. Tre Pt(100)-(5x1) pattern was unchanged
by an exposure of 1000 1. on the room temperature crystal
at a gas pressure of 5 x 10_7 torr. The A.E.S. spectrum
was unchanged from the cleaned surface pattern but was not
directly comparable as the electron beam raised the crystal
temperature to 30000. Eowever, when the spectrometer was
pre-set to scan the oxygen peak within 20 s of moving the
electron beam onto the crystal to avoid raising the tem-
perature above 5000, again no oxygen was detected.

In a poor vacuum due to insufficiently outgassed system
components the addition of oxygen at low pressures of
<1 x ‘IO'8 torr total gauge pressure resulted in very small

0;—32_and c*-16 mass spectrometer peaks with largely increased

LA
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cot-28. Under these conditions the Pt(100)-(5x1) patterns
slowly changed to a Pt(100)-(1x1) with increased surface
carbon levels indicating absorption and cracking carbon
monoxide on the surface,

TIT 61,2 Oxyeen on lLow Coverage Copper Films on ¥t(100)

Absorption of oxygen on low coverage 1 Cu(100) M-L copper
films on the Pt(100) crystal substrate was monitored with
A.E.S. which resulted in a crystal temperature of 300°¢
during absorption. The major oxygen A.E.S. peak, recorded
at 6 V resolution at 518 eV, was monitored as oxygen was

admitted to the system at 8 x 107>

torr., The 05-32 mass
spectrometer peak was >10 times the height of the cot-28
peak. The oxygen peak size was piotted against oxygen
exposure and this is shown in ¥Yigure III.38b. An A.E.S,.
spectrum was taken after an exposure of a similar film to
oxygen whilst monitoring the LEED patterns, i.e. with the
crystal within a few degrees of room temperature, The major
oxygen peak was within 10% of the value obtained in the
Auger beam heated case. The oxygen peak size was unaffected
by exposure in the A,E.S, electron beam for 20 mins. with
associated sample heating to 30000.

Oxygen added to the low copper film coverage crystal
surfaces af 20°C caused the LEED pattern to change from the
clean surface Pt(100)-(1x1)-Cu to a weak Ft(100)-(/2x/2)R45°.

When oxygen was added at 8 x 4978

torr to the crystal
copper overlayer surface at 300°C the surface mesh changed
from the Pt(100)-(1x1)-Cu pattern, Figure 111.3%a, to the

Pt(100)~(/2x fi3) pattern shown in Figure III1.39b. The

204



80
TR
£
\é,w o &
: Q@
3
F 40
Q-.
=
™
¥ 70
<
o
O L L L) T T T —
0] 10 20 30 ko 50 60 70

E xPosur To C%qﬁfmr(kAmGMLuR#

a) Oxygen on>5Cu(100) k-1 of Copper on Pt(100).

FIGURE TII.3%8

o 20 40 60 80 100 120 1 40 160
ExrosurRe To OXYGEN (LAM&#uuas)

b) Oxygen on 1 Cu(100) M-L of Copper on Pt(100),

200



1 ) 60 V T ) 5 0 V
Copper on Pt(100) After (2 treatment at 300YC

Pt(100) (1x1)=Cu Pt(100) (V2x/13)-Cu/C

c) 45V da)

H,5 added to surface b) After annealing at 300°C

n

32 V

FIGURE TJ1I1.39 Oxygen on 1 M-L of Copper on Pt(100).
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A.E.S., spectrum of the surface at this time showed very
1little sulphur.

To assist in the interpretation of this pattern the
crystal was treated with E,S at 1 x 10-9 torr total pressure
(with H,8-34 peak 50% of CO-28 peak on mass spectrometer)
for 2 mins., The geometry of the pattern was unchanged but
the spots around the (%,%) positions were strengthened -
Figure III.39c.. After a total of 10 L exposure to H,S the
crystal was again annealed to 30000 when the pattern was
found to have changed to the FPt(100)-({Zx/2)R45° (rigure
T11.%9d). These patterns are of relevance to the explanation
of the patterns observed after copper was evaporated in
oXygen.,
11T.6:1:3 Oxygen Adsorption on Higher Coverage Copper on
Pt(100).

8

Oxygen was again added at 8 x 107~ torr to a heavier deposi-

tion of copper (~8 Cu(100) N-L) on the Ft(100) crystal.

The increase in the oxygen A.E.S. peak size with exposure

is plotted in Figure I1II.38a. This corresponded to absorp-
tion at 300°C due to the effect of the A.E.S. electron beam. .
The initial diffuse LEED (100)-(1x1) pattern changed to a
sharper (100)-(/2x/2)R45° during a total exposure of 70 L

pf oxygen,

A 9 Cu(100) K¥-L film of copper on Ft(100) was exposed
to oxygen to a total of 70 L at 20°C wken the 4.E.S. oxygen
peak was ~15% lower than that found for the earlier case.
The film was contaminated with sulphur as indicated by a

small 150 eV peak in the A.E.S. spectrum and the LEED pattern
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observed after the oxygen addition was a (100)-(2x2). (Figure
111.29¢,d).
1131 .6.2 Addition of Hydrogen Sulphide

The interaction of HES with metal surfaces was found to he
very rapid, requiring a low exposure rate to enable the
surface adsorption to be monitored by LEED and A.E.S. It

was necessary to flush the gas dosing system with Hzﬁ several
times to reduce the contamination c¢f the added gas by other
gases desorbed from the pipe-work, When the gas from the
dosing line was admitted to the main chamber the increase

in pressure recorded on the ionisation gauge did not corre-
spond to the H25+—34 peak on the mass spectrometer, From

a residual pressure of 4 x 10~10

torr addition of L,5 at a
total pressure of 1 x 10"9 torr increased the cot-28 peak

by 507 and the H,S'-34 peak to 707 of the increased CO

peak. Water and carbon dioxide peaks were also increased

by desorption from the system walls. Under the conditions
used for monitored growth of the surface sulphur concentration,
i.e. 0,5-1.5 x 10_8 torr total pressure,the H28+-34 mass
spectrometer peak was at least twice the co*-28 peak. The s
other major peak 32+-2 was due to both desorption from the
system surfaces and cracking of the HoS. At constant recorded
total pressure the H28+—34 peak increased with time at the
expense of the others,

IXT.6.2.0 A.E.S. of H,8 on Pt(100) and Surface Copper

Due to the rapid adsorption of the sulphur, adsorption
characteristics were plotted against exposures calculated

from ion gauge total pressure readings. The true nitrogen
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equivalent exposures to st should be % of those plotted,
For comparison, the exposures of the clean Ft(100) crystal
and the single monolayer of copper on Pt(100) were made
under these conditions (Figure I11.40,41). The effect of
adding st at too low a pressure so that the partial prescure
rose only slowly, was observed as an adsorption characteristic
ag in PFigure III.42.

The three cases shown all represent adsorption of H28
on a sample maintained at 300°¢ by the Auger electron bean,
No variation of the sulphur signal from the surface was
observed when the beam position on the crystal was changed
slightly, indicating a lack of beam cracking or desorption,
The sulphur peak size at the end of a series of exposures
to H2S was stable with the sample in the beam for at least
1 hour after the final exposure. Changes of £107 were
attributed to variation in total beam current after the
filament poisoning by st altered the emission character-
istics of the electron gun.

13Y.6.,2.,2 IEED of BoS on Pt(100) and Surface Copper

The LEED results for H,S adsorption on clean Pt(100) followed-
reported surface structures(62’63). With the cleaned crystal
at 20°c, H,8 rapidly caused the Pt(100)-(5x1) pattern to
disappear after an exposure of <1 L and a Pt(100)~-(1x1) to
form., With increasing éxposure this changed to a strong
Pt(100)-(v2xJ2)R45° which was stable in vacuum for many
days (Pigure III.43d).

HpS adsorption on the copper surface film on Ft(100)
in the range 0.5 to 3.0 Cu(100) M-L consistently caused a
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Pt(100)~(2x2)—0u/8 to form. On the surface at 20°C the
pattern was weak and not sharply defined. Lowever, the
annealing effect of the A.E.S. electron beam caused a sharp-
ening of this pattern., The (2x2) pattern formed after an
exposure of <4 L of HZS and remained with exposure of 200 L,
Examples of this pattern are shown:-
Figure 1II.43%a This is the Pt(100)-(2x2)-Cu/S on 2 WN-1 of
copper, after 15 L of H,S at 300°C,
Figure II1.4%b H,S formed Pt(100)-(2x2)-Cu/S on 1 M-L of
copper, after 25 L of H28.
Figure 1II.43c H,S formed Pt(100)-(2x2)-Cu/S on 0,5 M-L
of copper, after 20 L of HES.
These patterns were clearly (2x2) meshes but the spots
of the (f?xjﬁ)R45° pattern were stronger than the remaining
spots.

1 0 S H,8 on a Gold Surface on Pt(100)

The ILEED patterns resuiting from the adsorption of st gas

on the cleaned Ft(100) surface could be compared with that on
the Pt(100) surface with 1.8 Au(100) M-L coverage by a small
vertical movement of the crystal manipulator to bring the i
appropriate part of the crystal into the electron beam,

After an exposure of 2 L at a total pressure of 1 x ‘IO"8

torr the clean Pt(100) surface showed a strong Pt(100)-

(/2x /2)R45° while the gold covered surface éeveloped the

same pattern but much weaker.(Figure I1I1.44a). The patterns
were unchanged by a further 10 L of HQS. When left overnight
the patterns were unchanged and are shown in Figure I11.44b,d.

Comparison of the negatives of this pair of photographs
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indicated a small expansion of~37 in tre gold covered
surface (1x1) mesh compared with the uncovered (1x1) mesh.
After taking an A.E.S. spectrum which annealed the crystal
to 300°C for 30 mins. the gold covered surface was found to
exhibit a strong (J2xJ2)R45%°-au/S pattern, Figure 111.44c,
identical to that on the uncovered surface, The 150 eV
A.E.S. peak of sulphur on the gold surface was %67 of that
on the platinum surface.

73X.56,.3 Adsorption of Carbon konoxide

Adsorption of carbon moncxide detected by the LEED and A.E.S,
was considerably modified by the incident electron beam,

The effects of the heams were not investigated., As has

been reported for other surfaces the adsorption of carbon
monoxide was not accompanied by growth of both the carbon and
oxygen A.E.S. peaks,

The results obtained for absorption on the cleaned
Pt(100) crystal and on the copper overlayers were not
guantitatively repeatable. However the following qualitative
results were obtained.

13Y 6.3, Cleaned Pt(100)

With exposure to CO of up to 1000 L the carbon A.E.S. signal
increased while no oxygen signal was detected above noise.
The rate of carbon signal increace was greatest under the
A.E.S, electron beam irradiation. The clean surface Pt(100)-
(5x1) was changed to a Pt(100)-(1x1).

I3E.6.5.2 1.5 M-L Copper on ¥t(100)

In this case the oxygen A.E.S, peak rose during a 400 L

exposure on the crystal in the electron beam, while the
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carbon signal was little changed from its initial low wvalue,
The pressure for both the clean surface exposure and copper
surface exposure was 6 - 10 x 10-8 torr. Further exposure

on this surface at 20°C with heating effects of the electron
beam minimised by short irradiation caused a further small
increase in oxygen level. The LEED patterns exhibited from

CO treated copper covered surface are shown in Figure I1I1,.45s
- a clear Pt(100)-(2x2) on a 20°C surface and Figure III.45b -
a weak Pt(100)-(2x2) at 300°%C,

111.6.3.3 2 N~L of Copper on P+(100)

This surface gave an increasing oxygen A.E.S. signal with
inereasing exposure to carbon monoxide but with no build
up of carbon. The oxygen level reached in this case was

257 of that in the 1.5 N-L case at the same exposure (600 L).
111.6.5.4 Eeavy Copper Film on Pt(100)-(>5 K-I.)

Exposure to 600 L of carbon monoxide at both 20°C and 30000
gave no increase in carbon or oxygen A,E.S. levels. The

LEED pattern remained complex and diffuse Figure I1I.45c.
This patterﬁ changed to the Pt(100)-(V2x/2)k45° after
énnealing at 400°C for 20 mins, (Eiguré 111.454). -
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CHAPTER IV DISCUSSICKS

IV.1 The Pt(100)-(5x1). Clean Surface Structure?

The current literature on the controversy over the cause of
‘this anomalous surface structure is described in the intro-
duction (section I.3.1). Further experimental results are
presented above, The following points are important.

1) The (5x1) patterns appear after surface smoothing by
annealing. Any treatment which causes roughening on an
atomic scale causes the (100)-(1x1) pattern to form.

Such roughening may be due to argon ion bombardment,
gas adsorption or metal deposition.

2) The (5x1) pattern may exist when no impurities are detected
by A.E.S.

%) The (5x1) pattern may co-exist with other, impurity,
patterns but these may be only from patches within the
LEED bean,

4) ¥or gold deposited on silver the Au(100)-(5x1) was observed
after an average thickness of 3 l-L was depoaiteéfi) ‘

5) For gold deposited on platinum apAu/Pt(100)-(7x1) was
observed after 5 M-L was deposited.

6) For gold deposited on a gold surface exhibiting anAu(100)-
(5%x1) pattern an Au(100)-(1x1) was observed until the
substrate temperature was raised to 0°C when the (5x1)
re'I;111'11:'3(2’1(.“.'J

The Pt(10q)-(5x1) pattern is an approximate description

and stems from the early observations with very low resolution
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LEED instruments. At moderate resolution, as wes uced in
this investigation, splitting from the (0,n/5) positions
was observed., The true (5x1) described by Lyon was not
sufficient to account for this case. At higher resolution,
Palmberg resolved further spots and, from a single domain
pattern, determined that the coincidence mesh size was
Pt(100)-(v/29x/170). This mesh is shown in Figure 1V.1;
there are 4 possible domains, The B.P. group(197) has
produced very clear patterns agreeing with this mesh size,
By modifying the ideas of Fedak and Gjostein, and lorgan
and Somorjai that a hexagonal overlayer may be formed, the
following model is proposed, in collaboration with the B.P.
group. A hexagonal overlayer similar to a normal ¥t(111)
arrangement is formed closely above an undistorted ¥t(100)-
(1x1) atomic arrangement so that the required coincidence
of ( £9x fiT0) occurs. The nearest approach of the atcms in
an undistorted Pt(111) net to a ¥t(100) net was seen with

the following near coincidences

¥t (100) Pt(111)
0,0 _ 0,0 defined coincidence
"‘1313 (m) ‘1!13
All measured in base
5,2 (/29) 6,5
mesh (100) unit vectors,
- 4515 5,18

The Pt(111) mesh was‘then distorted to make the above
atomic positions coincide. This was achieved by compressing
the Pt(111)-(1x1) from the normal mesh size of 2,.7748 x 2.774%
with a lattice vector angle of 120° (Wood's notation(za)) to

2,674 x 2.678% with vector angle 119.130. The angle between
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the 2.674% vector of the overlayer and the 2.774% Pt(100)
substrate vector was 0.71°. This surface mesh contraction

of . 3.5% is similar to that required (4.3%) to fit a hexagonal
mesh on the Au(100) mesh, The coincidence mesh is shown in
Figure 1IV.1,

This hexagonal overlayer model is plausible in accounting
for the appearance of the Ft(100)-(5x1) pattern for the follow
-ing reasons,

Prolonged oxygen treatment, normally an effective method
of producing a Pt(100)-(5x1) surface structure, may also give
rise to a 12 spot pattern attributable to two domains of a
Pt(111)~(1x1) surface structure in addition to a Ft(100)-
(5x1).

When the meeh of Figure 1V.2 was drawn by a computer
plotter on triacetate paper, photographic reduction using
a microscope enabled laser simulation of the LEED process
to be carried out. This method, described by Cambell and
Ellis(198) produced a pattern of very similar intensity to
the moderate resolution diffraction patterns e.g. Figure
I11.22a,¢. Further resolution was not obtained due to laser J
speckle,

The hexagonal overlayer model matches the observation
that the Pt(100)~(5x1) structure is associated with relatively
smooth surfaces compared with appearance of the Ft(100)-(1x1).
If a complete (111) monolayer of mesh dimensions as above
rearranges to the less densely packed (100) mesh there must
be an exclusion of surface atoms eguivalent to 23% of a (100)

monolayer, These must contribute to a rough surface on an
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atomic scale.

In this model the coincidence mesh is taken as (J29x
\ﬁﬁﬁ) from the determination by Palmberg. However, the
importance of these exact dimensions is not clear and it
gseems probhable that many similar coincidence patterns also
co~exist. Modifications in the J170 coincidence lattice
vector to surrounding points,'/ng'or Jq§7 would be difficult
to detect in the LEED pattern, If a mixture of such meshes
existed within the area of the electron beam a diffuse mixed
pattern would result. The differenge would not be detectable
in a poor resolution instrument but would be seen with high
resolution, The B.P. group(197) has observed such a pair
of diffraction patterns on Pt(100) with a true (J/29x/170)
appearing only after annealing above 1100°¢C.

The major problem with this explanation lies with the
cause, Although a reduced surface energy will result from
the conversion of a (100) plane to a (111) plane due to closer
packing, what is so special about (J29xJ170)2 If the (111)
mesh is perfectly flat and close to the (100) substrate the
separation of atoms in the two layers varies across the mesh,-
Tre" interlayer spacing (di) in the case of atoms at the
corners of the coincidence mesh, and (Zgg+d12)% for a (111)
atom centrally spaced between the (100) atoms (spacing 'a')
represent the two extremes of interatomic spacing. For the
possible case that the interlayer spacing is the close
packing separation, 'a', the two extremes of substrate (100)
- overlayer (111) atomic separation become 'a' and :j;?',

a difference of 23%. Unless unusually long range forces
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operate, these varying interatomic spacings will equalise
by surface buckling effects or by creating vacancies in the
(111) overlayer at points where excessive interatomic stresses
would exist,

'In a surface buckling model the atomic movements to
revert to the bulk (100) surface are small and could occur
at the low'temperatures observed (i.e. room temperature
adsorption of carbon monoxide). Eowever, a vacancy model
would remove the need to 'lose’ 2%% of a (100) monolayer.

The vacancy.model fits experimental data in one import-
ant area., The LEEL pattern of a Ft(100)-(5x1) shows the
(0,n/5) spot groups as lower or similar in intensity to the
(1,0) and (1,1) spots. If a complete (111) monolayer exists
as shown in Figure IV.1 the diffraction pattern would be
predomindtely Pt(111)-(1x1) with additional spots. This
situation is only observed after extencsive oxygen treatment.
Vacancies in the (111) mesh allow the atomic positions of
closest approach to be avoided, they enhance tﬁe (100) mesh
reflections at the expense of the (111) mesh, and they allow
the Pt(111) overlayer to contain the same atom layer average -
density as the (100) substrate.

The energy difference between the two surface structures
1S small, as shown by the ease of transformation caused by
gas or metal adsorption at room temperature to form the (1x1)
and annealing treatment to >700°C to regain the (5x1). The
two groups of short range forces that change with surface
structure are the interatomic forces within the layer which

cause close packing (111) and the interlayer forces which
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continue the_hulk atomic arrangement to the surface. Thece
forces are apparently very similar and are unbalanced by the
presence of impurities., This balance favours hexagonal
growth more strongly in the gold crystal where the Au(100)-
(5x1) forms above 0°C.

The occurrence of reorientation is more plausible if
impurities are shown to be present., ZEdmonds, McCarroll
and Pitkethly(3) showed the sulphur impurity cause of
the Ni(111) —%ﬁi(100) surface transformation., Ion emission
from the Pt(100) crystals indicated.that throughout the
work alkali metals remained in the crystals. However,
ion emission only occurred above 1000°C and may have
reflected bulk levels while A.E.S. was carried out below
30000._ No correlation was made between these ion levels,
necessarily at high temperature, and A.E.S. detected levels.
Many studies have shown that no impurities may be detected
by A.E.S. when the (5x1) pattern is obtainable. However,
the potassium peak at 252 eV may hot easily be resolved
from the 251 eV platinum peak; the sodium peak at 981 eV
occurs towards the higher noise end of the commonly scanned -
range of A.E.S. Calcium was clearly detected at 292 eV
on platinum crystals and foils in this study. McCarroll,
Edmonds and Pitkethly(1) have proposed that alkali metals
lie between the (100) and (111) layers and are difficult
to detect as the impurities are screened by the top Pt(111)
Jayer which reduces the calcium signal and represent only
10 - 204 of a monolayer. They also proposed, backed by

some experimental evidence, that the electron beam of the
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detecting probe effectively removed the calcium from the
surface.,

Attributing the Pt(100)~(5x1) to the presence of alkali
metals is subsequently difficult to prove if the most sensi-
tive technique for surface impurities, A.E.S5., causes the
contamination to disappear, The X-ray photo electron spec-
troscopy method, which creates the initial core holes using
X-rays may answer this question unless X-rays or the low
'secondary electron current in the surface of crystals also
remove the alkali metal before it is clearly detected.

Grant and Haas, who are the only workers who have report-
ed a clean surface ¥t(100)-(1x1) pattern, appear to corrob-
orate the above arguments, Their (1x1) pattern was achieved
after prolonged annealing in a high current beam of argon
ions, followed by annealing at 1100°C., If the crystal was
cooled from 1200°C in oxygen the (5x1) appeared strongly
and could not be returned to a clean (1x1) without an acid
etech, Although this fits the requifement to remove alkali
metal near the surface it is probable that a prolonged etch
loads the surface with sulphur or chlorine, both of which
cause an initial change to (1x1) ﬁy a surface exhibiting a
Pt(100)-(5x1).

The experimental results and discussions above indicate
that the ¥t(100)-(5x1) diffraction pattern results from a
clean surface while the primitive (1x1) pattern is associated
with surface impurities. However the failure of A.Z.S. to
detect impurities in either case after cleaning procedures

does not eliminate the possibility of an impurity stabilised
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(5x1). The impurity may be initially below the detection
limit of the A.,E.S5. method or modified in the electron beam

used in the method.

IV 32 R.F., Eeating in Vacuum Systems

R.F. induction heating was used successfully in this work.
When a molybdenum work coil was fitted with cooled copper
feedthroughs the system pressure could be maintained well
in the U.H.V. range while operating. It should be possidble
to obtain the lowest pressure of any method when heating by
fabricating a work coil of tubing with circulating coolant.
The use of the crystal manipulator and sample mounting were
simplified by using R.F¥. heating, avoiding the need for
heavy current connections to the crystal., The R.}F. work
coil was a useful reference point to ensure reproducible
evaporation from the source. :

The serious disadvantage found in this work was the need
to envelope the sample in the coil during heating, The
considerable movement required between the LEED and A.E.S. s
positions into the coil was difficult and time consuming.

The return movement to the electron optics centre of curva-
ture was also very exacting. Sample heating could be carried
out simultaneously with evaporation but not with ILED or
A.E.S. operations., The effects of annealing on A,E.S. or
LEED properties would be determined most rapidly by resistive
or radiation heating methods; these methods are essential

for studies of hot surfaces.
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IV.3 Condensation Coefficient

Unless the surface coverage of an evaporated metal film is
determined after condensation it must be estimated using
some assumption of the condensation coefficient. If an
ionisation monitor or Knudsen source is useﬁ the flux incident
on the substrate may be determined. The average coverage is
then the product of flux and condensation coefficient inte-
grated over the evaporation time. When interferernce tech-
niques, microbalance, or quartz crystale are used the ratio
of devosition on the monitor to that on the sample must be
determined. However, for metals evaporated on metals the
condensation coefficient may generally be taken as unity

(199))_

(Bauer In somercases the adsorbate forms a "hot"
adsorption layer in which the arriving atoms are highly

mohile and have a finite chance of evaporating from the
surface. The condensation coefficient in such a case is
dependent on the number of film nucleation pointe or impurity
sites on the surface. Tle growth of surface layers when

high mobility occurs is then in complete monolayers., This
appears to be the case for silver evaporated on nickel
(Jackson, Gallon and Chambers(145)) where reduced condensation
coefficients were proposed. A unity coefficient associated
with low surface mobility, was taken to ocﬁur for copper
evaporated onto platinum(100) at 20°C where statistical
epitaxial growth appeared to occur. Cn the P£(111) erystal,

where the copper growth was disordered at 20°C,sufficient

mobility for ordered epitaxial growth occurred at 400% .
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However, the condensation coefficient determined by the
rate of rise of the éopper Auger signals with recorded
evaporation of copper in poorly calibrated deposition

conditions was reduced relative to condensation onto a

20°%C substrate.

1V.4 Surface Structures; Copper on Flatinun

V.4, Copper on Pt(111)

Growth of copper on the Ft(111) crystal face, when a low
evaporation rate was used, occurred as an amorphous dis-
ordered overlayer. Island growth of bulk copper areas would
be characterised by the development of diffuse spots at
positions corresponding to the new atomic spacing while the
substrate spots would btecome diffuse and weaker as the island
surface area was increased, The appearance of coincidence
lattice beams resulting from an undistorted Cu(111).1attice
growing epitaxially on the Ft(111) crystal would be based

on 'n' platinum base lattice meshes where:

n(Pt closest spacing) = (n+1) (Cu closest spacing)

e 25556 = 11.7
2.774 - 2,556 -
These superimposed meshes are shown in Figure 1V,2. No true
coincidence lattice may occur until very large mesh sizes
are reached. At a distortion of the copper mesh by +0.38%
2 coincidence at 12 substrate unit mesh units will occur,
No such pattern was ohbserved in this work. The failure to

clearly observe multiple scattering from the two meshes was
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unlikely to be due to attenuation of the signal from the
substrate. Taylor(187) has described multiple scattering
due to 1-2 atomic layers of copper on tungsten,

Copper on platinum was found to gain sufficient mobility
to allow rearrangement to epitaxial layers when annealed at
400-450°C. At higher temperatures, although rearrangement
occurred more rapidly, the copper was partially lost from
the surface by diffusion into the bulk or, above 80000, by
evaporation and diffusion,

The conditions under which the transformation from
pseudomorphic copper at the platinum spacing to the bulk
copper spacing in the 2 - 5 M-~L films occurred were not
investigated, Maintaining a crystal temperature of 400-
450°C was sufficient to allow the copper atoms to move f;om
the initial positions characteristic of platinum to the dbulk
copper positions, The incident copper flux proviﬁed'the
supply of atoms required to fill in gaps which would occur
if a monolayer of copper at the platinum spacing reverted to
copper spacing. The difference in surface atom density per
monolayer between the Pt(111) (1.501x1019 atoms m—z) and ‘
cu(111) (1.768x10'2 atoms m™2) is 18¢ of the platinum density
and represents the area uncovered by the conversion from the
platinum to copper surface spacing.

A graph of Auger signal plotted against copper deposi-
tion, of the form shown in Figure 1II.16, may be drawn for
a series of depositions. If very small increments in copper
thickness are made the growth charateristics may be deter-

mined., In the submonolayer range there have been no reports

™o
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of any variation of.A.E.S. respanse from identical surface
coverages of materials differing in surface geometry. The
theory of Bishop and Riviere(106) does not coﬁsider the exact
geometry, and the results of Ibach, Hom, Dorn and luth(138)
do not rely on structure,

However, the growth mechanism dependence in thicker
Eilms is detectable using the theory of Gallon(143). When
a fransjtion from one growth orientation to another occurs
a discontinuity will occur in the Auger signal/deposition
graph, The reduction of 18% in the copper film area due to
the collapse of the pseudomorphic growth of a monolayer of
copper on platinum will not change the copper Auger signal,
The signal from the substrate, which had been attenuated by
the copper overlayer may be expresced as:

Substrate signal(1 M-L copper at Pt(i11) spacing)=T%lo
where T4 is the transmission factor through the péeudomorphic

monolayer, .

I, is the substrate Auger signal with no overlayer

absorption,
This expression assumes no loss of incident beam energy on
passage to the substrate, If the surface copper rearranges
to bulk copper spacing the substrate signal will have two
components

I, = 0.82 IO T, + 0.18 I
where T2 is the transmission factor through the copper mono-

layer at bulk copper spacing.

VWhen the initial coverage was greater than 1 pseudo-

morphic monolayer the possible island structures gave an
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infinite number of similar equations. The form of the
discontinuity should be seen in a series of experiments

of Auger response from the substrate after small increments
of copper coverage., As in all quantitative Auger calibra-
tions the transition would be moet clearly observed in a
system in which repeated scans of the spectrum were made
éuring metal deposition. ©Such a method would only be easily

conducted in a cylindrical mirror analyser system.

¢ Copper on FPt(100)

The first observation of the variation of copper Auger signal
with surface geometry detected by LEED was the 50% increase
which occurred on leaving the copper covered dirty platinum
(100) crystal overnight, This change was not due to inherent
variation in instrumental response which had been found to
be constant to within £10% from 1-3 N-L copper films when
recorded over a 3 day period.

In the later quantitative evaporatiéns of copper on
Pt(100) the normal repeatability was improved to 154 by
careful attention to maintaining constant A.Z.S5. conditions.
The copper signal enhancement was shown to occur after
deposition onto an oxygen or sulphur covered surface or when
a heavy deposition on a clean surface was subsequently expesed
to oxygen.

Two possible explanations for this behaviour were con-
sidered:- an electronic effect or structural effects., The
anticipated electronic effect was the modification of in-
tensity of peaks due to Auger transitions involving the

copper valence band. The spectra obtained by running the
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instrument in its standard mode showed insufficient detail
to determine the origin of the broad peaks. After the higher
resolution method was developed copper spectra were obtaingd
from both clean and contaminated surfaces. No clear differ-
ences were observed, The modification of the low resolution
spectra by the proportions observed could not be assigned to
changes in the surface electronic properties.

The results from the growth of copper films of increasing
thickness on tre Pt(100) crystal showed that above 0.8 -L
of copper the A,E.S, spectra of the major coprer peaks in
the range T720-940 eV were identical in shape to spectra from
bulk copper. Any differences at lower copper coverage could
not be clearly detected due to loss of signal in noise,

The anomalous high copper Auger signals were associated
with changes in surface structure. The Pt(100)-(2x2)-Cu
and Pt(100)-(/2xJ/2)R45%°-Cu patterns, both of which were
associated with sulphur and oxygen impurities, gave A.E.S.
signals above the clean surface calibration line., The
substrate signals did not change considerably during changes
of copper signal but were low values with a relatively high =
noise background. Impurities in the surface copper were
expected to decrease the copper signal due to absorption
of both inéident and secondary electrons. No mechanism
for enhancing the signal could be clearly determined. The
following possibilities are discussed.
1) The well ordered surface layer detected by LEED caused a
high signal from the surface where no subsequent absorption

of Auger electrons could occur. This effect could not explain
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the enhancerment by up to 50%.
2) If true layer growth only occurred in tke presence of
impurities the signal from the surface copper would be
higher than the same quantity of copper arranged as islands.,
The A.E.S, signal from copper at the centre of the islands
would be abserbed by outer layers of copper. Similarly,
transitions from island growth to layer growtﬁ would result
in reduction of substrate signal. To account for a typical
experimentally observed 257 increase in copper signal from
a thick film of copper anlisland structure of 80 coverage
would be reguired to increase to continuous (i.e. 100%)
layer coverage. The substrate signal corresponding to the
island growth would have been ~207 of the clean subatrate_
signal. However, the observed initial substrate signal ,
was lower than this (~10%) and was unchanged during the
transition.
3) The impurities formed a regular structure as determined
by TEED and this ordered structure causesd less absorption
of the incident beam reaching the platinum substrate.
This beam may have included strongly forward scattered &
components, The resulting high backscatter current from
the larger platinum atoms may cause a copper signal enhanced
above that due to a thick copper film. This description
is in accord with Gallon's(127) observations, The effective
signal boost due to backscatter enhancement could explain
the increased signal ohserved,

The variation of A.E.S. signal from the copper depending

on the structure of the surface film is of importance in
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the application of A.E.S. for quantitative analysis of the
surfaces of alloys. The signal from the element depended

not only on the numerical densities of the copper atoms in
the surface layers but on the relative positions of the atoms,
Insufficient data were obtained to determine the nature of

the effects. -

IV.5 Quantitative A.E.S.; Copper on Ft(100)

AV, 51 The A.E.S. Sjgnél from Copper on Platinum

The results shown of the growth of the copper Auger signals
with increasing copper deposition contain information both

of the inelastic mean free path of electrons in copper and

the growth mechanism of the copper film. Allowance must be
made for the interdependence of these factors,

If it is assumed that the growth occurred as homogeneous,
infinitely thin, layers the copper signal, 1,, from the copper
film as a ratio of that from a bulk copper crystal I.Cu will
ve (sean(149)),

I

c = 1 - exp(-n/n,) - ' .
JoCu
where n is the copper film thickness causing current 1c
Auger
and n, is the inelastic mean free path for copperjelectrons

in tre copper film,
This was applied to the data of Figure 11I.27 in the form

1 O loge(1—1C )
n, n : 100

The value of I,Cu for each peak was taken as the value
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determined at 12 M-L. The unit of thickness measurement
used was the spacing between (200) planes in the face centred
cubic -copper crystal., This represents a surface density of
1.54 x 10'% atoms per monolayer.

At a coverage corregponding to 1 M-L the copper peaks

gave the following values for n,, the inelastic mean free

path.
Peak n, (N-L) N, (corril)
927 eV 2.35 5.67%
847 2.20 5«20
T74 400 - 5.69

where nc(corr1) is the inelastic mean free path in Angstroms

(1 M-L is equivalent to 1.808 £) corrected for the oblique
exit paths for Auger electrons accepted by the retarding
field analyser.@eah’&q>.

The platinum substrate signal at 23%9% eV was also measured

and n, determined from:

IEE & exp(-n/nc)
o Pt
T e 1oge(IPt ) _ :
Ng n Jo¥t
n, = 1.80 M-L

Correcting this as before, the escape depth of the 239 eV
electrons in copper was 4.34 R,

The calibration graph, Figure 111.27, shows that consid-
erable deviation from exponential signal dependence occurred
in this case. Tre film thickness 'n' was tlen plotted against

log,(1-I,/I4Cu) from the calibration graph and the gradient

2
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FIGURE JV.3 The Copper 927 eV Auger electron signal versus

copper film thickness graph (I11.27) is redrawn here to show
the region of exponential signal growth (<1.25 M-L) and
reduction of effective deposited film by 0.5 l-L.
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of the straight line portion obtaiﬁed as the mean free path
over that range of film thickness of copper.

The calibration line for 927 eV electrons in copper
has been drawn with these axes in Figure IV.3. A transition
period occurred in the range 0-1.,25 M-L before true expo-
nential signal was recorded. The gradient of this line,
equal to the inelastic mean free path, was then 1.43% N-L,
At normal incidence this value would be corrected to 3.45 XK.
The intercept on the film thickness axis at zero copper
signal, i.e. loge(1—Ic/IwCu)=1.0, of the extrapolated straight
line section was at 0.50 M=L. This result again confirms
the lack of mobility of the copper on %he platinum surface.
The random arrival of the evaporant caused the formation of
surface pinnacles and bald patches on an atomic scale in the
film. The reduced Auger signal from thinner areas of film
was not compensated by the increased signal from thicker areas
when compared with a uniform film of the average thickness,
This effect was then quantified as equivalent to a % M-L
réduction in film thickness for depositions of 1.25 M-L
of copper. |

IV . 5.2 A Detailed Growth Mechanism for Copper on Pt(100)

In the previous discussions the copper overlayers have been
congsidered as growing with no discrete unit size. However for.
signal absorption with a mean free path of ~2 M-L the probabil-
ity of an Auger electron escaping is determined by the statis-—
tics of the coverage of each surface site. If the surface

has "N" atom sites per unit area and "m" atoms are deposited

randomly on the area the probability, P(r), of a site having
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"r" atoms (in a column) on it is (Lawrence(zoo))

P(r) = exp(-m/N) (m/N)T 1_
:
Then - P(0) = exp(-m/N)
P(1) = exp(-m/N), (m/N)
P(2) = %exp(—m/ﬁ)_ (m/N)2 etc
r(3) =

1 2(2) , (m/N)

For many sitez (1.3 x 10'2 atoms mpz) P(r) is the
fractional coverage with an atomic column height 'r' at an
average coverage of (m/N) monolayers. Several values of the
proportion of the surface with depletion or enhancement from
the average layer thickness are shown in Table IV.1. At the
1 monolayer average thickness point 37% of the substrate
surface is uncovered and 37# has the average thickness of
1 monolayer. There are pinnacles of 5 atoms height over
0.%% of the surface, This mode of growth seriously changes
the probability of escape for the Auger electrons,

IV.5.2,1 Model for Auger Signal Growth from Static Adatoms

In this model a fraction "A" of the incident electron beam
is considered to be transmitted through each atomic layer
of the copper film, Similarly, a fraction "B" of the Auger
current will pass through each atomic layer on its way to
the surface, For a standard electron beam incident on a
layer of atoms an Auger signal "S" is formed in that layer
to be collected, if not subsequently attenuated, by the
analyser system,

The collected signal from bulk copper (or a very thick

overlayer film) is then made up by:-
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AVEPRES AePOFTIG 4 0.3 0.5 1.0 1.5° 2.0 2.5 3.0
ited coverage

Monolayers on Resulting fractional coverages
fraction of

surface

Co 0 <905 741 60T 368 .22% 135 .082 .050
Cy 1 +U91" ;222 303 568 .335 271 205 149
02 2 +O05 033 076 184 251 271 257 .224
03 3 . 003 013 061 126 181 214 . ,.224
C4 4 . .002 ,015 .047 .090 .137 .168
05 5 . .003 .014 ,0%6 .067 ,101
Ce 6 .001 ,004 .012 ,028 ,050
07 7 .001 ,003 .,010 ,022
Cq 8 .001 ,003% ,008

TARILE IV.1
Characteristics of Static Adatom Film Growth

Example of above coverages : A 1 M-L average d=~position

Number >
of
layers -4
3
- Cy—>
2
«——Cj——>
1
< Co >

SUBSTRATE
FIGURE IV.A '
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Signal from top (1st) layer = S
Signal from next (2nd) layer = S.A.B.
Signal from next (3rd) layer = S.AZ.BZ.

A.B, may be combined to give a transmission "T" for the total
path for exciting electrons travelling into the surface and
Auger electron leaving.

The total signal, Il,, from bulk copper is then

P NE s (g g g relbp e D
As |r <1
Iew =, 8/ (1. -"2)

For a thin film growing with layer sizes given by
Table IV,1 the fractional coverage of surface layer copper
is (1—00) and will contribute (1-C4,)S to the output signal.
The next layer, covered by one overlayer has a fractional
coverage of (1-C_-C,) and will contribute (1-(C,+C4))0S

The total signal from a film is then

(1-C4)8 + (1-(C4+01))TS + (1-(Co#Cq4C,) )T%8. ...

s(_l_) ﬁ-co—Tc1-T202-T3c3.... }'
1-7

Ie

n

For comparison with experimental results the ratio of If/Ig,.
has been taken with 1, being the signal from a »6 lN-L film.
2
Then If/:[& = 1-CO-TC-1-T Cz.o.t
The measured value of If/lw for 927 eV electrons in copper
at 1 M-L deposition was 0.355. By numerical substitution

the value of T was 0.57. However by substituting this value

for T into this equation with 2 N-L deposition the relative

Auger signal, 1,/I, should be 0.58. The measured value at

2 N-L was 0,68,
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The mean free path (nc) calculated from Gallon's formulae
.corresponding to the 1 K-L experimental value of lf/lu,a
0.355 in this model is

1 = 04355

Then n,

L

exp(~1/n_)
2.28 N-L

il

The value of n, derived from T directly is

0.57

n

exp(—1/nc)
1.78 M=L

Pa5

]

Thén'nc
This value of n, then results in I./I, (2 N-L) = 0.675.

This closely matches the experimental value of 0,68, As

was shown in Figure IV.3 the copper signal growth feverts

to exponential dependence above~2 M-L.

The characteristic copper growth on ¥t(100) thus appears
to follow the static adatom growth model for the first mono-
layer deposited when increasing mobility allowed relaxation
to layer growth. This growth of signal with depositicn
rose more quickly than exponentially.,

The signal from the substrate fell consistently as an
exponential curve. The transmission factor, T, for 239 eV
electrons through a single monolayer of copper for this curve
was 0,46 corresponding to an electron mean free path of
1.29 M-L if the static adatom applied. TFor true monolayer
growth this signal at 1 K-L indicated the electron mean free
path of 1,80 N-L .

V2.3 Annealed Copper Films

The A.B.S. spectra derived from copper films on the Pt(100)
crystal which had been annealed at 400-600°C during or after

deposition were compared with the calibration graph for

Ea)
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copper deposition on Ft(100) maintained at room temperature.
These results were described in section 1I11.5.2.% and present
further evidence for the initial growth mechanism differing
from complete monolayer development. én annealing the pinn-
acles wﬁich grew during the random arrival of evaporant
onto the substrate may have redistributed to complete mono-
layers by surface diffusion. The model described above to
expla;h the AE.S. signals detected during film growth is
used here.

For a static adatom film of 1.0 M-L average deposit of
copper. the substrate signal, as a fraction of the zero
coverage signal, will change from

I¢/1, static exp(-1.0/1.80)

i

adatom
= 0.57
If/Io() monolayer = exp(-1.0/1.29)
growth
s .46

The results obtained from annealed films are in qua-
litative agreement with the growth characteristics expected
from true monolayer growth if the room temperature deposition

results are attributed to static adatoms. s

1V.6 Gas Adsorption on Clean and Copper Covered Ft(100)

These gas adsorptions were carried out in this system to
allow direct comparisons tc be made between the clean surface
and various copper overlayers, Although the results for
these gases have been widely published, direct comparison

hetween systems is invalid due to different errors in measur-
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ing true gas pressure and surface cleanliness,

The undetectably low rate of oxygen adsorption on the
cleaned crystal confirmed the crystal c¢leanliness from the
evidence of Weinberg, Lambert, Comrie and Linnett(169).

1V.6 1 Oxygen Adsorption

Oxygen was found to adsorb readily on all copper overlayers,
The A.BE.S. measurements showed that the signal character-
istics were very similar, within 107, for copper overlayers
of both 1 and »5 ¥-L. If the 5 K-L layer is assumed to
adsorb as a bulk crystal the adsorption by 1 N-L also‘appearﬂ
to act as the surface of a homogeneous bulk crystal., This is
in accord with the results given earlier (section 111.8.9)
that the Auger spectra from the copner surface have the
characteristics of a thick film at ~1 N-L,

The LEED patterns associated with oxygen adsorption on,
or incorporation in, the copper film were the FPt(100)-
(2x £)R45°-Cu/0 and the Pt(100)-(v2x/13)Cu/0. The Pt(100)-
(J2xF)~Cu/0 occurred zt low temperature (20°C) when no major
surface rearrangements took placé. The more complex Ft(100)-
({2xJ13)~Cu/0 type patterns, because of the method of forma- -
tion, are assumed to incorporate oxysen. The intensities
of the diffraction patterns showed that the coincidence
mesh was made up largely of Ft(100)-(V2xJ2)R45° units.
This pattern was confirmed as due to a reorientation hy
the action of HQS. As is described later, HZS adsorption
caused desorption of other adsorbed gases to form the cha-
racteristic H,5 pattern. 1In this case the Ft(100)-(V2x A3)-

Cu/0 pattern was strengthened by the H,S.

245



The adsorption of oxygen on the pseudomorphic copper
on the surface of bulk copper

films on Pt(100) was similar to that)\reported by many other
workers (section 1.2.3.11), The Cu(100)-(2x4) observed by
Lee and Farnsworth(71) and Brt1(72) wagfgeen in this work,
The oxygen treatments were insufficiently severe to cause
complete oxidation of the surface film to form a bulk oxide
structure. In a simple éasorption system the Ft(100)~-
(V2xJ2)R45-0 pattern corresponds to an oxygen surface cover-
age of % M-L, which, at the Ft(100) spacing, is 6.5}:1014
atoms cm"2. .

IV,6,2 Fydrogen Sulphide Adsorntion

The adsorption of sulphur on the clean and copper covered
surfaces was extremely rapid. The scatter of the data
points at exposures to F,S of greater than 10 L resulted
from the experimental difficulty of maintaining constant
incident electron beam current during the rapid poisoning
of the filament.

The A.E.S. results were in agreement with the LEED
patterns obtained from the surfacés. On Pt(100) the (/2x
f§)R45°, which formed on exposure to HQS, corresponded to
a surface atom coverage of 50%. ¥rom Figure II1I.40 the
sulphur Auger signal magnitude was measured as 147 in the
arbitrary units of peak to peak distance in the plotted
differential of the electron energy distribution. The
measured signal has been corrected by subtracting the clean
surface Pt 150 eV peak size. This caused a slight under-
estimate of the sulphur signal as the signal enhancement

from the substrate was reduced by the surface sulphur.
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The data required to determine the magnitude of this effect
was not taken., FEowever, using the data from Riviére(201)
that the mean escape depth for electrons of 150 eV energy
is 5 £ the reduction in substrate signal 1n this case was

calculated from o

Iy Wl exp(—t/tc)

I_ is substrate signal through the overlayer
1. 18 thé original substrate signal
t is the overlayer thickness
t. ie the inelastic mean free path for substrate Auger
electrqps through the overlayer,
The value of tc used here was reduced to 75% of the measured
value in order to allow for the collection efficiency of
the retarding field analyser system (Seah(148)). The value
of t, the effective thickness of the sulphur monolayer on
the Pt(100) substrate, was taken as 2.7 R. The sulphur
atoms were assumed to take up an f.c.c.(100) epitaxial layer
with interlayer spacing of (unit ‘cell dimension)/2,
Then I /I = exp(- 2.7/3.75) = 0.49 3
The absorption of the platinum signal by the half cover-
age surface sulphur was then 25% of the clean surface value.
This was small compared with the scatter of the sulphur
gignal points. The initial clean surface signal may have
also included a small sulphur impurity signal due to per-
sistence of sulphur in the vacuum system.
The signals resulting from st absorption on the ¥t (100)

crystal with a ~1 M-L copper film evaporated on it are shown
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in Figure II1I,.,41. The signal attributable to sulphur in
this case is 93 units (under identical conditions to those
used for clean surface case). The LEEL pattern corresponding
to this, a Pt(100)-(2x2)-Cu/S, indicated a 25% surface
coverage, »

The ratio of Auger currents from the clean and copper
covered platinum crystal was 147/93 = 1,58, The LEED patt-
erns, at the simplest analysis, indicated a ratio of 2.0.
However, the (%,3) spots are common to each LEEL pattern;
small areas of the crystal with a Pt(100)-(/2x2)R45°-5 may
not be detected in the presence of a Pt(100)-(2x2)~Cu/S
using a kinematic analysis of the patterns, If the surface
is assumed to have taken solely these two surface atructﬁres
with the Ft(100)-(/2xvZ2)R45°-S forming on the ¥t(100) where
the crystal was not covered by copper islands, the copper
island area may be determined., If 'P' is the proportion of
the crystal face covered with copper and exhibiting the
Ft(100)-(2x2)~Cu/S structure with local coverage 0.25 the
uncovered platinum with sulphur coverage 0.5 make up "1-p"
of the surface, &

The ratio of the Auger signal from the sulphur covered
platinum surface to that of the surface made up of copper
islands of fractional area P is then

2
F + 2(1-P)

measured as 1,58

From this the proportion F of the crystal covered by
copper was 0,73. The copper deposition in this case was

1.2 N-L. This was in good agreement with Seah's estimate(148)
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of 0.5 M-L discrepancy between the coverage of a given layer
during deposition calculated assuming perfect monolayer
growth and that resulting from the random arrival of the
evaporant,

Similarly, for the 0.55 M-L deposition of copper on

platinum the value of P was then

2 . 41
P+ 2(1-P) 111
n.o P = 0049

In this case thé discrepancy bhetween calculated and mezsured
coverage had dropped, indicating the convergénce to zero
error at the uncovered clean surface.@ee also Figure IV.3)
' The Pt(100)-(2x2) may be made up by the superposition
of Pt(100)-(VZ2xZ)R45° and 2 domains of Ft(100)-(2x1).
This latter structure was reported by Dom%ﬁe and Oudar(az)
for sulphur growth on Cu(100) before the development of
bulk sulphides. A4s this corresponded to a surface coverage
of 0.5 the total sulphur coverage of clean or copper covered
platinum would have been identical. The sulphur Auger sig-
nals in each case would have differed only by the effect of |
the change in backscatter current due to the single or sub-
monola&er copper. The mean free path for the incident
electrons at 2.5 keV is ~30 A in the crystal resulting in
srall backscatter contribution from the first layer (~6%).
The sulphur tr¢atment was not continued to the very

high exposures ( >1000 1) used by Domange and Oudar because

of the experimental difficulty arising from gun filament

poisoning. The ¥t(100)-(2x2)-Cu/S may have been a stage
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which appeared before the development of the Ft(100)-(2x1)
and bulk sulphides. However in this work the Auger signal
during expcsure appeared to have reached a plateau when the

initial patterns were observed to be strong.

IV.."T The Surface Structure of Evaporated Gold,

The results obhtained here show an interesting variation on

the normal Au(100) apparently clean surface pattern., This
(7x1) structure has been observed for thin gold films depos-
ited on sodium chloride. The Pt(100)-(7x1)-Au pattern may

be explained as a reorientation from Au(100) to Au(111) at

the surface. As the pattern showed no splitting of fractional
order spote, unlike the Ft(100)-(5x1), the coincidence occur-
red at a true (7x1) mesh.

If the initial gold deposition took up the platinum
substrate spacing, as was observed for copper films, the
coincidence was between an Au(111) layer of interatomic
spacing 2.284 % and the Ft(100) spacing. The compression
required to maintain the gold in registration with the -
platinum along one axis was 4%. The inter-row spacing of
the hexagonal layer in the 10> direction for undistorted
Au(111) planes is 2.497 &, The approach to coincidence is
shown in Table IV.2. The minimum distortion from the gold
spacing would occur if the 10th row of the Au(111) layer
contracted by 0.02% to coincide with the 9th row of the
Ft(100). The resultant coincidence pattern would then be

Tt(100)-(9x1). If slight contraction occurred in both axes
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Au(111) Pt(100) Au(100)
Row Inter-row Row Intey-row Row Inte?_row
spacing spacling spacing
1 2.497 1 2.774 1 2.884
2 4,995 2 5.548 2 5.768
3 T.492 3 8.322 3 8.652
4 9.990 4 11.096 4 11556
5 12.487 5 13.870 4 11.536
6 14.984 5 13.870 5 14.420
7 17.482 6 16.644 6 17.304
8 19.979 7 19.418 7 20.188
9 22 .476 8 22.192 8 25,072
10 24.970 9 24,966 9 25.956
11 27.467 10 27.740 10 28.840
Au(111)| Pt (100) Distortion|au(100) Distortion
Row Row lismatch to fit Row Mismatch to fit
% % % %
1 1 -10.0 +11.0 1 -1%.4 +15.5
2 2 -19.9 +11.0 2 ~-26.8 +15.5
? 3 -29.9 +11.0 2 -40,2 +15.5
4 4 =39.9 +11.0 4 -53.6 +15.5
5 5 -49.9 +11.0 4 +3%.0 - 7.6
6 5 +40,2 - T.4 5 +19.6 - 3.8
T 6 +3%0.2 - 4.8 6 + 6.2 g %
8 T +20.2 - 2.8 7 - 7.2 + 1.0
9 8 +10,2 o 8 -
10 Q.+ 051 -0.02
11 10 - 9.8 + 1.0

TABLE IV.2 The inter-row spacings of Au(111), Pt(100),
and Au(100) showing probable coincidences.
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FIGURE TV.5 A possible mechanism for the formation
of the Pt(100) (7x1)-Au _
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the next coincidence condition would be the 8th row of the
Au(111) aligning with the Tth row of the Pt(100) as shown

in Figure IV.5. The contraction in the <1,2> direction

was 3,9% and in the <¢2,1> direction was 3.1% with the interow
angle of 120° modified to 119.74°.

Table IV,2 also shows the required distortions to fit
the Au(111) mesh on the Au(100) mesh, The compressions
occurring in each (100) axis in this case is 0% and 3%.8%
when the 6th row of (111) mesh registers with thé 5th row
of the (100) mesh i.e. Au(100)-(5x1). Compression in the
<01> direction of the substrate by 4.8% would result in the
Au(100)-(5%20) pattern. :

The difference between the Pt/Au(100)-(7x1) and Au(100)-
(5%20) pattern is consistent with pseudomorphic growth of the
initial gold layers with the Ft(100) substrate. No evidence
was ohtained to indicate'the degree of intermixing of the

two metals.
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CHAPTER V CONCLUSIONS AND THEIR SIGNIFICANCE TO RELATED

The general conclusions to be drawn from the results detailed
above are described here with their significance to continuing

work in other laboratories.

¥, The Pt(100)-(5x1) Surface Structure.

This structure is associated with surface layer reorientation
from the bulk single crystal (100) mesh to partial coverage
by a Pt(111) mesh. It was obtained by standard cleaning,
particularly high temperature oxidation, to reduce impurity
levels below the detection limits of A.E.S. It could also
coexist with LEED patterns and Auger spectra indicating
surface carbon, Calcium, which had been thought to be
present near the surface.of the (5x1) structure, was detected
on all three low index crystal faces of platinum on annealing
after severe oxygen treatment, It could not be correlated
directly with the presence of the (5x1) LEED pattern.

The Pt(100)-(5x1) structure is important in a reorienta-
tion theory of catalysis. Any dependence on low concentra-
tions of particular impurities must be determined to enable
the theory to be tested against a catalytic system in which
a reaction should benefit from the conversion of (100) faces
of platinum crystallites to (111) faces. The electron beam
used to detect the impurities at the surface may cause local
loss of the impurity before detection. This may be overcome

by rapid Auger analysis or by the use of X-ray P.E.S.
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Work with this latter method should employ an X-ray source
of energy just above the ionisation energy of the material
suspected to increase the inherently low sensitivity of the
method.

An impurity near to the Pt(100) surface would help to
explain (100)—>(111) surface transition but has yet to be

identified conclusively.

A Quantitative A.E.S.

This work demonstrates that it is possible to carry out
quantitative analysis of the first few atomic layers of a
specific simple alloy system. The copper Auger electron
signals were dependent not only on the mass of copper at the
also on on
surface but)the structure of the deposits andAthe presence
of impurities. No significant changes in the copper LMM
Auger peak shapes were detected between cleaned and oxygen
treated copper films on Pt(100) to account for observed
changes in peak sizes., The structural effects would be
clarified in a comparison between spectra from several low
index faces of bulk copper crystals and also the particular .
structures observed here.

I1f the qua&itative use of A.E.S. is to be extended to
more complex alloy and impurity measurement than the simple
cases described here the effect of the local atomic environ-
ment on each element in a matrix must be determined. This
may be achieved by investigating the Auger response from
impurity or alloying components in a matrix during controlled

deposition of further matrix material.
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The enhancement or attenuation of the signal from single
atoms or groups of atoms buried in a matrix may then be
determined. The amount of data required to generalise the
quantitative use of A.E,S. in alloy systems demands rapid
data %&uisition techniques. An extension of Seah's method
of multiple evaporation sources would enable many metals
to be studied rapidly.

The depth of impurity atoms below a surface may be
determined if two transitions resulting in Auger electrons
with different, known inelastic mean free paths in the sur-

rounding matrix can be detected to fix the position by their

different rates of signal attenuation,

YD Pseudomorphic Growth

Pseudomorphic growth was found to occur for up to 5 monolayers
of copper deposited on Pt(100) at ~20°C. The LEED pattern
exhibited by these surfaces was a Pt(100)-(1x1)-Cu. The

gas adsorption on this surface was found to be very different
from that on Pt(100) but similar to that on a bulk copper
crystal cut to expose Cu(100). Tris is of relevance to a 4
consideration of replica catalyst systems, If the geometry
of a Pt(100) crystal face is the sole parameter in the
success of a catalyst any method of replication of the geo-
metry should also succeed. This result indicates that gas
adsorption is primarily influenced by the surface electronic

effects.
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V.4 Gas Adsorption on Alloy Films

After the adsorption of HZS had been found by LEED to form
different structures on the Pt(100) surface to that on the
copper film surface it was possible to determine the surface
fractional coverage by copper iélands. This confirmation
of a static adatom copper film growth mechanism was 1h
agreement with the calibrated deposifion results and effects
of annealing the low temperature (20°C) deposited films.
This technique should be applicable to the analysis
of any system in which two surface structures are present
and which adsorb a third species differentially. This
adsorption may then be quantified by A.E.S, which gives a
signal proportional to surface coverage up to the first
monolayer., The areas of different phases at an alloy surface

may be determined in this way.
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